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device	   is	   designed	   and	   implanted	   in	   two	   sheep	  models,	   for	   two	  different	  kind	  of	  implants.	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in	   the	   same	   order	   as	   human	   articular	   cartilage.	   The	   model	   is	  useful	   to	  predict	   the	  mechanical	   behavior	  of	   porous	   scaffolds	   in	  

















 L’objectiu	   principal	   d’aquesta	   tesi	   doctoral	   és	   el	   disseny	   i	  caracterització	   d’un	  model	   de	   cartílag	   articular	   experimental.	   El	  model	   in	   vitro	   es	   compon	   d’un	   scaffold	   micro-­‐	   i	   macroporós	   de	  Policaprolactona	   amb	   un	   farciment	   de	   Poli(Vinil	   Alcohol).	   El	  constructe	  scaffold/hidrogel	  ha	  estat	  sotmès	  a	  cicles	  consecutius	  de	   congelació	   i	   descongelació	   amb	   l’objectiu	   d’entrecreuar	  l’hidrogel	   dins	   del	   porus	   del	   scaffold.	   El	   Poli(Vinil	   Alcohol)	  mimetitza	   al	   teixit	   de	   cartílag	   que	   es	   regenerarà	   en	   el	   porus,	   ja	  que	  en	  cada	  cicle	  de	  congelació	  i	  descongelació	  es	  torna	  més	  dens	  i	   dur.	   El	   model	   in	   vitro	   permet	   estudiar	   una	   gran	   varietat	   de	  característiques	   del	   scaffold	   i	   hidrogel,	   posant	   de	   manifest	  fenòmens	  interessants	  per	  a	  l’enginyeria	  tissular.	  S’ha	  estudiat	  la	  importància	  del	  flux	  d’aigua	  a	  través	  del	  scaffold	  en	  les	  propietats	  mecàniques,	   així	   com	   la	   influència	   de	   la	   microporositat.	   S’ha	  pogut	   constatar	   que	   la	   densitat	   de	   l’hidrogel	   i	   la	  microporositat	  influeixen	  de	  distinta	  manera	  en	   les	  propietats	  mecàniques	  dels	  




































simulated	   in	   vivo	   conditions,	   when	   the	   pores	   are	   filled	   with	  physiological	   fluids	   and	   growing	   repair	   tissue.	   The	   specific	  objectives	   are	   therefore	   to	   develop	   an	   experimental	  model	   that	  simulates	  the	  growing	  tissue	  inside	  the	  scaffolds	  pores.	  With	  this	  model	  we	  want	  to	  study:	  	  
• How	   the	   in	   vivo	   time-­‐dependent	   tissue	   repair	   can	   be	  simulated	  experimentally	  
• How	  macro	   and	  micro	   porosity	   influence	   the	  mechanical	  behavior	  and	  permeability	  of	  porous	  scaffolds	  	  
• The	  fatigue	  behavior	  of	  porous	  scaffolds	  and	  the	  influence	  of	  hydrogel	  filling	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Chapter	  1:	  Introduction	  
Cartilage	  development	  
 Cartilage	  is	  a	  connective	  tissue	  found	  in	  different	  parts	  of	  the	  body.	  The	  three	  mayor	  types	  of	  cartilage	  are:	  	  
• Elastic	  cartilage	  found	  in	  ears,	  epiglottis	  and	  larynx	  
• Fibrous	   cartilage	   found	   in	   intervertebral	   discs,	  articular	  joints	  and	  ligament	  








Figure	  1.	  The	  anatomy	  of	  the	  knee	  joint	  seen	  from	  the	  side.	  The	  articular	  














skeletal	   development.	   This	   process	   is	   initiated	   by	  mesenchymal	  cell	  recruitment	  and	  migration,	  proliferation	  and	  condensation	  into	  precartilage	  (Figure	  2).	  	  (2)	  Chondrogenesis	  is	  dependent	  and	  regulated	  by	  cell-­‐cell	  and	   cell-­‐matrix	   signals	   and	   is	   seen	   as	   increased	   cell	  adhesion	  and	  changes	  in	  cytoskeletal	  architecture.	  	  	  	  	  	  	  	  	  
	  

















sponge	  effect	  of	  cartilage.	  Consequently	  hyaluronic	  acid	  is	  also	   important	   in	   load-­‐bearing	   in	   the	   articular	   joint.	   (12)	  (13)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  
Figure	  3.	  The	  aggrecan	  molecule.	  The	  molecule	  consists	  of	  a	  link	  protein	  
attached	   to	   hyaluronan	   and	   glycosaminoglycans	   (keratin	   and	  






	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  
Figure	   4.	   The	   articular	   cartilage	   with	   different	   zones.	   a)	   Shows	   the	  











characterized	   by	   hypertrophic	   chondrocytes	   and	  mineralized	  tissue.	  This	  zone	  has	  a	  higher	  level	  of	  collagen	  X.	  (21)	  (22)	  (17)	  (23) (24)  
Biomechanics	  of	  cartilage	  





fibers	   (Figure	   5)	   and	   the	   volume	   of	   proteoglycans	   is	  therefore	  limited	  by	  entanglements	  of	  collagen.	  (31)	  (20)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  
Figure	  5.	  The	  collagen	  and	  proteoglycan	  network	  interact	  and	  form	  a	  
porous	  solid	  matrix	  in	  cartilage.	  (32)	  











The	  viscoelasticity	  of	  cartilage	  

















cartilage	  assumes	  constant	  fixed	  charges	  and	  counter	  ions	  in	   the	   synovial	   fluid	   as	   cations	   of	   a	   single	   salt.	   The	  gradients	  of	   the	   chemical	  potentials	   are	   the	  driving	   force	  for	   movement	   and	   depend	   on	   fluid	   pressure,	   salt	  concentration,	   solid	   matrix	   swelling	   and	   fixed	   charge	  density.	  (48)	  (49)	  
The	  permeability	  of	  articular	  cartilage	  











release	  this	  energy	  when	  unloaded.	  It	  also	  serves	  as	  filter	  for	   bigger	   molecules,	   preventing	   loss	   of	   important	   extra	  cellular	   matrix	   components	   and	   hindering	   synovial	  molecules	  to	  enter	  cartilage.	  (51)	  Permeability	   can	   be	   measured	   directly	   from	   the	  relationship	   between	   fluid	   pressure	   and	   interstitial	   fluid	  flux	  (60)	  or	  by	  mathematical	  models	  from	  flow-­‐dependent	  strain	  or	  stress	  response	  compression	  tests.	  By	  measuring	  the	   compressive	   modulus	   when	   the	   fluid	   flow	   cease	   at	  equilibrium	   the	   solid	   matrix	   stiffness	   will	   be	   reflected	  without	   the	   influence	   of	   interstitial	   fluid	   flow	   and	   fluid	  pressurization.	  (40)	  
Confined	  compression	  











Indentation	  test	  of	  cartilage	  





proportional	   to	   the	   load.	   (65)	   (66)	   (67)	   (68)	   Indentation	  or	   confined	   compression	   tests	   can	   be	   used	   to	   determine	  the	   material	   constants	   by	   the	   biphasic	   model.	   When	   the	  Poisson´s	  ratio	  is	  calculated	  for	  a	  material	  according	  to	  the	  biphasic	  model,	  it	  is	  calculated	  in	  equilibrium	  state.	  In	  the	  equilibrium	   state,	   the	   water	   flow	   has	   ceased	   in	   the	  material	   and	   the	   aggregate	  modulus,	   Poisson´s	   ratio	   and	  relaxation	  time	  can	  be	  calculated.	  The	  short	  time	  response	  is	  then	  assigned	  to	  the	  viscoelastic	  solid	  and	  the	  long	  time	  response	   to	   the	  biphasic	   fluid	   flow.	   (69)	  To	   calculate	   the	  mechanical	   behavior	   from	   indentation	   tests	  Hayes	  model	  can	   be	   used.	   (Equation	   1)	   (67)	   The	   model	   searches	  Young´s	   modulus	   (Es)	   that	   is	   determined	   from	   the	   slope	  (E)	  of	  the	  equilibrium	  stress-­‐strain	  curve.	  The	  model	  then	  associates	  the	  slope	  with	  the	  Poisson´s	  coefficient	  (v),	   the	  indentation	  radius	  (a),	  the	  height	  of	  the	  specimen	  (h)	  and	  
k	   which	   is	   a	   function	   of	   specimen	   volume	   and	   Poisson´s	  coefficient.	  	   	   	   	   	   	   	  	   	  
	  	  
               𝑬𝒔 = 𝑬 (𝟏!𝒗𝟐𝟐)𝝅𝒂𝟐𝒌𝒉      (1) 






This	  model	  assumes	  totally	  elastic	  behavior	  of	  the	  material	  and	  is	  therefore	  valid	  when	  the	  load	  only	   just	  started,	   for	  short	  times	  assuming	  there	  is	  not	  other	  contributions,	  and	  for	   infinitive	   long	   times,	   in	   which	   the	   time	   dependent	  deformations	  already	  occurred.	  	  
Osteoarthritis	  and	  mechanical	  failure	  of	  cartilage	  





























decrease,	   which	   can	   lead	   to	   further	   degeneration	   of	   the	  tissue.	  Small	  changes	  in	  the	  composition	  or	  organization	  of	  the	  ECM	  will	  lead	  to	  changes	  of	  the	  mechanical	  properties	  and	  function	  of	  the	  joint.	  Another	  consequence	  of	  cartilage	  degradation	   is	   tissue	   swelling.	   When	   proteoglycan	  entanglement	   in	   the	   collagen	   fibers	   are	   damaged	   or	   the	  collagen	  fibers	  disorganized,	  the	  water	  swelling	  capacities	  increase.	   As	   more	   water	   can	   flow	   through	   the	   ECM,	  permeability	  increases	  and	  fluid	  can	  flow	  out	  of	  the	  tissue	  easily	   which	   increase	   the	   rate	   of	   deformation.	   (8)	   (73)	  (84)	  
Clinical	  strategies	  for	  regeneration	  of	  articular	  cartilage	  
in	  the	  knee	  joint	  

















	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Figure	   8.	   In	  mosaicplasty	   fresh	   cartilage	   in	   the	   form	   of	   plugs	   is	   taken	  





years	  with	  small	  cartilage	  defects.	  (87)	  The	  microfracture	  is	   thus	   recommended	   for	   young	   patients	   with	   small	   or	  medium	  sized	  defects,	  and	  have	  shown	  failure	  in	  the	  long-­‐term	   results	   for	   defects	   bigger	   than	   3	   cm2.	   (91)	   For	  medium	   size	   lesions	   autologous	   osteochondral	   transfer	  could	  be	   the	  best	   treatment	  option.	  The	  disadvantages	  of	  this	   technique	   are	   low	   donor	   site	   availability	   and	   defect	  size-­‐limits.	   Matrix-­‐assisted	   ACI,	   described	   below,	   is	   not	  Food	   and	   Drug	   Administration,	   FDA,	   approved	   in	   the	  United	   States	   but	   a	   treatment	   option	   in	  Europe,	   allowing	  improvements	   to	   some	   clinical	   concerns	   such	   as	   cell	  culture	   and	   surgical	   techniques.	   Tissue	   Engineering	  options	   with	   scaffolds,	   growth	   factors	   or	   cells	   in	  combination	   with	   one	   of	   previously	   described	   surgical	  techniques	  offers	  promising	  results.	  (85)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Bone	  marrow	  stimulation	  techniques	  











function	  and	  pain	   relief.	   (96)	   It	   is	  not	  unusual	   to	  have	   to	  repeat	   the	  surgical	   treatment	  due	   to	   tissue	  repair	   failure.	  Microfracture	   might	   have	   been	   the	   first	   choice,	   and	   as	  second	  surgery	  ACI	  is	  chosen.	  This	  is	  however	  seen	  having	  negative	   results,	   due	   to	   the	   previous	   intervention	   of	  subchondral	  bone.	  (97)	  	  
	  	  	  
a) b)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Figure	  9.	  a)	  The	  first	  step	  during	  microfracture	  surgery	  is	  to	  remove	  
damaged	  cartilage	  and	  make	  a	  hole	  down	  throughout	  the	  calcified	  
cartilage	  to	  the	  subchondral	  bone	  without	  interfering	  with	  the	  
subchondral	  plate.	  b)	  The	  second	  step	  is	  to	  make	  micro	  fractures	  with	  an	  
awl,	  allowing	  bleeding	  from	  subchondral	  bone	  and	  the	  formation	  of	  a	  
fibrin	  clot	  in	  the	  defect.	  Photo:	  L.Vikingsson	  taken	  during	  the	  operations	  






	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
a)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  b)	  
Figure	   10.	   a)	   An	   osteochondral	   sectioned	   stained	   with	   hematoxylin	  
eosin,	  HE,	  after	  microfracture	  in	  a	  horse	  model.	  b)	  It	  can	  be	  seen	  that	  the	  
defect	  is	  not	  completely	  filled	  and	  the	  repair	  tissue	  has	  poor	  attachment	  
to	   subchondral	   bone.	   The	   surgery	   was	   done	   in	   such	   way	   that	   the	  
calcified	  cartilage	  was	  left	  intact.	  The	  results	  from	  this	  study	  have	  led	  to	  






















is	   the	   major	   source	   of	   adult	   hematopoietic	   stem	   cells,	  responsible	   for	   renewal	   of	   blood	   elements,	   and	   is	   also	   a	  source	  of	  adult	  mesenchymal	  stem	  cells.	  (102)	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure	   11.	   Isolated	   marrow	   derived	   stem	   cells	   differentiate	   into	  
mesenchymal	  lineages	  (A-­‐I).	  The	  controls	  from	  skin	  fibroblasts	  (J-­‐G)	  did	  
not	   show	   the	   same	   differentiation.	   Chondrogenesis	   was	   detected	   by	  





Autologous	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  implantation	  






and	   the	   defect	   is	   debrided	   to	   leave	   a	   clean	   defect	   with	  depth	   to	   the	   subchondral	   bone,	   without	   provoking	  damaged	   to	   the	   subchondral	   plate	   or	   bleeding.	   The	  periosteum	   flap	   is	   harvested	   from	   the	   proximal	   medial	  tibia	   and	   care	   is	   taken	   to	  harvest	   a	   very	   thin	  periosteum	  without	  any	  remaining	  fibrous	  tissue.	  The	  periosteum	  flap	  is	  sutured	  over	  the	  defect	  and	  fibrin	  glue	  is	  used	  as	  sealing,	  and	   the	   chondrocyte	   solution	   is	   injected	   under	   the	   flap.	  Today,	  most	  surgeons	  use	  a	  collagen	  membrane	  instead	  of	  the	  periosteum	  flap.	   (110)	  Carticel	   (Genzyme)	   is	   the	  only	  FDA	  approved	  ACI	  in	  the	  US	  and	  ChondroSelect	  (TiGenix)	  was	  the	  first	  cell-­‐based	  product	  approved	  in	  Europe.	  	  	  	  	  	  	  	  
Figure	   12.	   ACI	   with	   peropsteal	   flap,	   the	   first	   autologous	   chondrocyte	  






Tissue	  Engineering	  techniques	  
 Tissue	   Engineering	   solutions	   try	   to	   find	   solutions	   to	  restore	   the	   function	   of	   damaged	   tissue	   with	   cells,	  materials	   and	   biological	   factors.	   The	   objective	   is	   to	  regenerate	   a	   repair	   tissue	  with	   similar	   characteristics	   as	  the	   native	   healthy	   tissue.	   Langer	   and	   Vacanti	   started	   the	  field	  of	  tissue	  engineering	  by	  defining	  the	  concept	  TE	  as	  an	  interdisciplinary	   field	   of	   biology	   and	   engineering	  principles	   that	   provides	   functional	   solutions	   for	   repair	  damaged	  tissue.	  (111)	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure	  13.	  Classical	  illustration	  from	  Langer	  and	  Vacanti	  describing	  the	  











products.	  Many	  experimental	  studies	  have	  explored	  the	  in	  






regeneration	   with	   time	   in	   porous	   implants.	   A	   bioestable	  poly(ethyl	   acrylate-­‐co-­‐hydroxyethyl	   acrylate)	   copolymer	  scaffold	  was	  implanted	  in	  a	  full-­‐depth	  chondral	  defect	  with	  abrasion	   of	   the	   subchondral	   bone	   to	   provoke	   bleeding.	  (125)	   Morphological	   evolution	   of	   cartilage	   repair	   was	  studied	   at	   different	   times	   after	   implantation.	   After	   one	  week	  of	  implantation	  a	  neo-­‐tissue	  growth	  was	  observed	  in	  the	   deepest	   zone	   of	   the	   scaffold	   pores,	   and	   spread	   up	  through	  the	  scaffold	  with	  time.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  
Figure	   14.	   Principles	   for	   autologous	   matrix	   induced	   chondrogenesis,	  
AMIC.	   A	   collagen	   scaffold	   is	   placed	   into	   a	   microfracture	   in	   a	   full-­‐
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Figure	  15.	   Illustration	  of	  subchondral	  bone	  alterations.	  a)	  normal	   joint	  
b)	  progressively	  upward	  advance	  of	  the	  subchondral	  bone	  plate,	  leading	  
to	   thinner	   articular	   cartilage	   c)	   formation	   of	   focal	   intralesional	  
osteophytes,	   seen	   as	   newly	   formed	   bone	   apical	   to	   the	   original	   line	   d)	  
formation	  of	   subchondral	  bone	  cysts	  e)	   impairment	  of	   the	  subchondral	  
bone	   architecture,	   and	   reduced	   trabecular	   thickness	   and	   overall	  






In	  a	  MRI	  analysis	  of	  patients	  treated	  with	  a	  combination	  of	  hyaluronic	   acid	   and	   ACI,	   50%	   of	   the	   patients	   do	   show	  altered	   subchondral	   bone,	   seen	   as	   edema,	   granulation	  tissue,	   cyst	   formation	   and	   sclerosis.	   (148)	   It	   is	   becoming	  overwhelming	   clear	   that	   clinical	   solutions	  must	   consider	  the	   osteochondral	   joint	   as	   one	   unit,	   tightly	   associated	   in	  the	  repair	  process.	  Moreover,	   it	  can	  be	  hypothesized	   that	  alterations	   of	   the	   subchondral	   bone	   is	   the	   reason	   for	  negative	   clinical	   outcomes	   in	   chronic	   defects	   and	  treatments	   where	   microfracture	   previously	   been	   the	  treatment	   choice.	   (149)	   (150)	   (97)	  Figure	  15	  show	  some	  of	   the	   alterations	   that	   can	   be	   seen	   in	   the	   subchondral	  bone.	  (145)	  
Previous	  studies	  	  
 This	   research	   group	   has	   previously	   studied	   and	  characterized	  porous	  scaffolds,	  of	  PCL	  and	  other	  materials.	  (151)	   (117)	   (122)	   (152)	   (153)	   (154)	   (155)	   (125)	   (142)	  (121)	   PCL	   is	   a	   semicrystalline	   polyester	   with	   slow	  degradability,	  why	  it	  is	  suitable	  for	  long	  time	  cell	  culture	  in	  











active	   glass	   composites.	   (151)	   Macro	   and	   micro	   porous	  PCL	   scaffold	   have	   been	   coated	   with	   hyaluronic	   acid,	   for	  different	   coating	   and	   fabrication	   conditions.	   Cell	   cultures	  have	  been	  carried	  out,	  showing	  chondrocyte	  proliferation	  and	   ECM	   production.	   (155)	   PCL	   porous	   scaffolds	   was	  prepared	  with	  hyaluronic	  acid	  and	  used	  in	  a	  rabbit	  model	  to	   asses	   chondrogenic	   differentiation.	   It	   was	   established	  that	   mesenchymal	   stem	   cells	   from	   the	   bone	   marrow,	  arriving	   through	   the	   microfracture,	   preferred	   a	   more	  hydrophilic	  and	  biomimetic	  environment.	  (154)	  There	  are	  unpublished	   studies	   on	   the	   PCL	   scaffold	   produced	   by	  freeze	   extraction	   and	   particle	   leaching	   regarding	   the	  effects	   of	   hypoxia	   on	   chondrocytes,	   cultivation	   in	  bioreactor	   and	   cultivated	   with	   a	   co-­‐culture	   of	  mesenchymal	  stem	  cells	  and	  chondrocytes.	  
A	  biomedical	  implant	  device	  





The	   implant	   device	   is	   composed	   by	   a	   synthetic	   and	  biocompatible	  macro-­‐porous	  material	  with	  a	  subchondral	  bone	   fixation	  unit.	  The	  system	  allows	   the	   implantation	   in	  chondral	  defects	  and	  consists	  of	  three	  units:	  
• A	   macro-­‐porous	   biocompatible	   sponge	   with	  articular	  cartilage	  regeneration	  properties.	  	  
• A	  subchondral	  bone	  anchoring	  system.	  	  











	  	  	  	  	  
	  
Figure	  16.	  Patent	  EP201131625	   	  PCT/WO2013/178852,	  consisting	  of	  a	  
porous	   sponge,	   a	   biocompatible	   anchoring	   system	   and	   a	   porous	  
membrane.(157)	  
Experimental	  techniques	  to	  evaluate	  scaffold	  efficiency	  	  











seen.	   This	   gives	   a	   usable	   tool	   to	   characterize	   porous	  scaffolds	   in	   vitro,	   and	   predict	   the	   mechanical	   outcome	  with	   time	   from	   implantation	   to	   tissue	   ingrowth.	   The	  experimental	   model	   has	   also	   been	   applied	   on	   a	   macro	  porous	   scaffold	   system	   made	   of	   a	   copolymer	   of	   Ethyl	  Acrylate	   and	  Hydroxyethyl	   Acrylate,	  with	   different	   grade	  of	  crosslinking	  density.	  
Poly(Vinyl	  Alcohol)	  	  






substitute	  due	   to	   its	   high	   equilibrium	  water	   content	   (80-­‐90%),	  swelling	  capacities	  and	  good	  mechanical	  properties.	  (162)	   (163)	   Furthermore	   the	   PVA	   hydrogels	   are	   used	   as	  medical	   devices,	   due	   to	   the	   biocompatibility,	   chemical	  resistance	   and	   low	   environmental	   impact.	   PVA	   has	   been	  used	   as	   soft	   contact	   lenses,	   eye	   drops,	   embolization	  particles	  and	  artificial	  cartilage	  and	  meniscus.	  (164)	  (165)	  
PVA	  hydrogels	  by	  freezing	  and	  thawing	  









Figure	  17.	  The	  3D	  network	  of	  the	  PVA	  membranes	  produced	  by	  freezing	  












Figure	  18.	  The	  different	  phases	  of	  PVA	  hydrogel.	  Pores	  are	  formed	  by	  ice	  
crystals	   and	   the	   black	   circles	   represent	   PVA	   crystallites	   in	   a	   mesh	   of	  
amorphous	  PVA	  chains.(168)	  
The	  PVA	  crystallites	  






detect	  a	  glass	  transition,	  as	  the	  samples	  contain	  water	  and	  the	   evaporation	   peak	   of	   residual	   water	   hides	   all	   other	  possible	   peaks.	   Crystalline	   melting	   point	   increases	   with	  increasing	   cycles	   f/t	   due	   to	   increased	   amount	   of	  crystallites.	   The	   glass	   transition	   temperature	   increases	  slightly	  with	  increasing	  cycles	  f/t,	  probably	  due	  to	  that	  the	  crystalline	   formation	   hinders	   other	   hydrogen	   bonding,	  and	   thus	   strengthen	   the	   physical	   network.	   (158)	   (176)	  (179)	  (173)	  	  	  
	  	  	  	  	  	  	  	  	  	  	   	  	  
Figure	  19.	  DSC	   scans	  of	  PVA	  0	   cycles	   f/t	   (dashed	   line)	  and	  2	   cycles	   f/t	  
(solid	  line).	  The	  endothermic	  peak	  at	  60°C	  is	  due	  to	  the	  disentanglement	  
of	  amorphous	  polymer	  chains	  and	  the	  peak	  at	  80°C	  is	  caused	  by	  melting	  





	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
	  	  	  	  	  	  	  	  	  	  	  	  	  
Figure	  20.	  DSC	  scans	  of	  PVA	  hydrogels	  with	  4,6	  and	  13	  cycles	  f/t.	  A	  glass	  
transition	  temperature	  is	  seen	  from	  66	  to	  70	  °C	  and	  crystalline	  melting	  






             
 
	  
Figure	  21.	  The	  PVA	  crystal	  from	  X	  ray	  crystallography.	  The	  dotted	  lines	  





Morphology	  and	  pore	  size	  






ice	  as	  impurity	  and	  for	  each	  cycle	  of	  freezing	  and	  thawing	  the	   polymer	   rich	   and	   polymer	   poor	   regions	   increase	   in	  their	  purity,	  resulting	  in	  a	  pore	  size	  increase.	  (185)	  
Water	  in	  the	  hydrogel	  	  





occurs	   and	   simultaneous	   hydrogen	   bonding	   to	  neighboring	   polymer	   molecules.	   Ice	   crystals	   grow	   to	  different	   sizes,	   allowing	   PVA	  molecules	   to	   rearrange	   and	  separate	   from	   each	   other.	   After	   thawing,	   the	   crosslinked	  molecules	   can	   hold	   a	   certain	   amount	   of	   water,	   which	  structure	   is	   different	   from	   free	   water,	   based	   on	  crystallization	  peaks	  in	  the	  DSC	  scans.	  The	  thermal	  history	  affects	   the	   size	   of	   the	   ice	   crystal	   and	   also	   the	   content	   of	  bound	  water.	  (186)	  (187)	  (188)	  
Solubility	  






groups	   weaken	   the	   intra	   and	   inter	   molecular	   hydrogen	  bonding	  and	  make	  the	  gel	  swell	  more.	  (176)	  	  
Mechanical	  properties	  
 The	  hydrogels	  of	  PVA	  made	  by	  repeating	  cycles	  of	  f/t	  have	  good	  mechanical	  properties.	  The	  modulus	  is	  a	   function	  of	  number	  of	  f/t	  cycles,	  due	  to	  the	  increase	  density	  and	  chain	  entanglement,	   (190)	   (162)	   (173)	   and	   the	   modulus	   also	  increase	   with	   polymer	   concentration.	   (174)	   (188)	   The	  mechanical	  properties	  are	  dependent	  on	  the	  temperature	  of	  the	  hydrogels.	  For	  increasing	  temperature	  the	  modulus	  decreases,	  probably	  due	   to	  melting	  of	   crystalline	   regions.	  The	   dynamic	   viscosity	   was	   measured	   for	   the	   hydrogels	  and	  a	  decrease	  in	  viscosity	  for	  increasing	  cycles	  of	  f/t	  was	  observed,	   implicating	   that	   the	   gel	   is	   not	   fully	   developed	  after	  only	  one	  cycle.	  (179)	  (176)	  	  	  	  	  	  	  	  
Polycaprolactone	  
















used	   as	   non	   solvent	   to	   the	   PCL.	   Dioxane	   is	   interchanged	  with	   the	   cold	   ethanol	   and	   creating	   micro	   pores	   in	   the	  scaffold,	   from	   residual	   frozen	   solvent.	   The	   scaffolds	   can	  also	   be	   made	   macro	   porous	   by	   mixing	   the	   PCL	   solution	  with	  polymer	  microspheres	  before	   the	   freezing	   step.	  The	  microspheres	   are	   not	   dissolved	   by	   cold	   ethanol	   and	   an	  intact	  structure	  remains.	  By	  increasing	  the	  temperature	  of	  ethanol	   after	   freeze	   extraction	   the	   microspheres	   can	   be	  dissolved	   since	   they	   are	   soluble	   in	   the	   solvent	   at	   higher	  temperatures.	   The	   polymer	   concentration,	   the	   solvent	   or	  the	  cooling	  rate	  can	  be	  changed	  to	  tailor	  morphology	  and	  characteristics	  of	  the	  scaffold.	  (121)	  (117)	  (199)	  (200)	  	  
Copolymer	   networks	   of	   Ethyl	   Acrylate	   and	   2-­‐
Hydroxyethyl	  Acrylate	  with	  varying	  crosslinking	  density	  






that	   are	   classified	  as	  biostable	  degrade	  after	   long	   time	   in	  





proposed	   for	   the	   anchoring	   ring	  of	   the	   cornea	  prosthesis	  (142)	  






Chapter	  2:	  Materials	  and	  Methods	  
PCL	  Scaffold	  preparation	  





micro	   and	  macro	   porosity	  were	   fabricated	   by	  mixing	   the	  different	  solutions	  of	  PCL	  with	  PEMA/PMMA	  spheres	  in	  a	  weight	  ratio	  of	  1:1.	  Each	  mixture	  was	  immediately	  frozen	  with	   liquid	  nitrogen.	  After	   approximately	  one	  minute	   the	  frozen	   mixture	   was	   immersed	   in	   precooled	   ethanol	   and	  kept	  at	  -­‐20°C	  for	  three	  days	  with	  daily	  changes	  of	  EtOH.	  To	  remove	   the	   PEMA/PMMA	   spheres	   the	   scaffolds	   were	  washed	   in	   ethanol	   at	   40°C	   during	   8	   days,	   changing	   the	  ethanol	  twice	  every	  day	  until	  the	  ethanol	  did	  not	  show	  any	  leftover	  traces	  of	  PEMA/PMMA.	  This	  was	  tested	  by	  letting	  some	   of	   the	   ethanol	   evaporate	   on	   a	   Petridish.	   When	  PEMA/PMMA	  still	  is	  present,	  a	  white	  compound	  is	  seen	  on	  the	  Petridish.	  The	  scaffolds	  were	  cut	  with	  circular	  stamps	  and	  surgical	   scalpels	  of	  5	  mm	  diameter	  and	  2	  mm	  height	  the	  second	  day	  of	  the	  particle	  leaching.	  The	  dimensions	  off	  the	   sample	   were	   measured	   three	   times	   before	   each	  mechanical	   assay	   to	   assure	   correct	   measurements.	   Once	  removed	   all	   PEMA/PMMA	   particles	   the	   scaffolds	   were	  dried	   overnight	   in	   room	   temperature	   and	   standard	  pressure.	   Then,	   the	   scaffolds	   were	   dried	   in	   continuous	  vacuum	  during	  one	  day,	  or	  until	  constant	  weight.	  	  	  The	   scaffolds	   were	   immersed	   in	   water	   before	   the	  experiments.	   The	   water	   immersion	   of	   the	   hydrophobic	  scaffolds	  was	  done	  by	  a	   solvent	   change	  ethanol	   to	  water.	  












 A	  10%	  aqueous	  solution	  of	  PVA,	  average	  molecular	  weight,	  Mw,	   130	   000	   Da	   and	   99+%	   hydrolyzed	   (Sigma	   Aldrich,	  Spain),	  was	  prepared	  by	  continuously	  stirring	  at	  90°C	  for	  1	  hour	   and	   then	   let	   to	   cool	   in	   room	   temperature.	   The	  solution	  was	  poured	  into	  5	  mm	  diameter	  wells	  and	  frozen	  for	   12	   hours	   in	   -­‐20°C	   and	   then	   thawed	   back	   to	   room	  temperature	  in	  a	  high	  humidity	  chamber	  for	  8	  hours.	  The	  freezing	  and	  thawing	  step	  was	  repeated	  one	  to	  six	  times.	  	  The	  water	  content	  in	  the	  gels	  was	  analyzed	  and	  calculated	  for	   six	   samples	   after	   1,	   3	   and	   6	   cycles	   of	   freezing	   and	  thawing	   and	   overnight	   immersed	   in	   water.	   The	   samples	  were	  freeze	  dried	  with	  -­‐80°C	  condensation	  and	  pressure	  <	  100	  mbar	   (Lyoquest,	   Telstar).	   The	  mass	   before	   and	   after	  freeze	   drying	   was	   measured	   and	   the	   difference	   was	  considered	   to	   be	   water.	   A	   Thermo	   Gravimetric	   Analysis	  (TGA/StarSystem,	  Mettler	   Toledo)	   to	   400°C	  was	   done	   to	  evaluate	  the	  resting	  amount	  of	  water	  in	  the	  gel.	  The	  mass	  loss	  until	  180°C	  was	  considered	  to	  be	  water.	  The	   crystallinity	   was	   calculated	   from	   Different	   Scanning	  Calorimetry,	   DSC,	   scans.	   DSC	   was	   performed	   on	   freeze	  dried	   gels	   for	   0,	   1	   and	   6	   cycles	   of	   freezing	   and	   thawing.	  Heating	   scans	   in	   a	   PYRYS-­‐DSC	   8000	   equipment	   (Perkin	  






Elmer)	  were	   performed	   at	   20ºC/min	   between	   -­‐80ºC	   and	  280ºC.	   The	   heating	   scan	   was	   performed	   under	   flowing	  nitrogen	   atmosphere	   in	   20	   µL	   aluminum	   pans.	   Since	   the	  first	   heating	   scans	   revealed	   residual	   amounts	   of	  water,	   a	  second	   scan	   to	   100	   ºC	   was	   made,	   to	   then	   lower	   the	  temperature	  to	  	  -­‐80ºC	  and	  repeat	  the	  scan	  to	  280ºC.	  
PCL/	  hydrogel	  construct	  







ϕ =   V!"#$%V!"!#$ =    V!"#$%V!"#$$%&' + V!"#$%	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  V!"#$% =   m!"#$  !"# −m!"#ρ!"#  !"#$%&"' 	  	  
V!"#$$%&' =    m!"#ρ!"#$%&'	  	  The	  morphology	  of	   the	  PCL/PVA	  constructs	  and	   the	  pure	  PVA	   hydrogels	   was	   observed	   by	   Scanning	   Electron	  Microscope	   (JEOL	   JSM-­‐5410,	   Japan)	   equipped	   with	   a	  cryogenic	  device.	  The	  hydrogels	  were	  frozen	  at	  -­‐80°C	  and	  broken	   to	   see	   the	   cross-­‐section	   of	   the	   samples	   and	   then	  sublimated	   for	   40	   minutes.	   Then	   the	   samples	   were	  covered	   with	   gold	   and	   images	   were	   taken	   at	   an	  acceleration	  voltage	  of	  15	  kV.	  












solvent	   exchange	   was	   performed,	   slowly	   to	   avoid	   pore	  collapse.	  Once	  obtained	  the	  water	  immersed	  scaffolds	  they	  were	   left	   in	  water	   during	   24	   hours	   to	   assure	   no	   leftover	  traces	   of	   acetone.	   The	   P(EA-­‐HEA)	   membranes	   were	   cut	  into	  3	  mm	  diameter	  and	  2	  mm	  high	  scaffolds	  with	  circular	  stamps	   and	   chirurgical	   scalpels.	   The	   porosity	   of	   the	  porogen	  template	  and	  the	  P(EA-­‐HEA)	  scaffolds	  (6	  replicas	  of	  each	  sample)	  was	  calculates	  using	  equation	  3	  where:	  M	  is	   the	   template	   weight	   of	   the	   PMMA/scaffold,	   ρ	   is	   the	  density	  of	   the	  polymer	  and	  t,	  w	  and	   l	   is	   the	  height,	  width	  and	  length	  of	  the	  template	  (214).	  
(3)	  	                                          ϕ = 1 − !/!!∗!∗!	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  The	   density	   of	   the	   P(EA-­‐HEA)	   scaffolds	   was	   determined	  through	   Archimedes	   principle.	   The	   dry	   sample	   was	  weighed	   in	   air	   and	   immersed	   in	   n-­‐octane.	   A	   Mettler	   AE	  240	   balance	  with	   a	   sensitivity	   of	   0.01	  mg	  with	   a	  Mettler	  ME	   33360	   accessory	   was	   used	   in	   the	   measurements	   as	  described	   in	   others	   works	   (215)	   (216).	   The	   calculated	  density	  for	  P(EA-­‐HEA)	  is	  1,1363	  g/cm3	  .	  The	  value	  is	  1,19	  g/cm3	  for	  the	  PMMA	  spheres	  (	  Suppliers	  value).	  













 Unconfined	   compression	   tests	   were	   performed	   to	   the	  different	   scaffolds	   to	   calculate	   different	   mechanical	  properties.	  The	  elastic	  modulus,	  the	  pore	  collapse	  and	  the	  stress	   relaxation	   behavior	   was	   examined.	   The	   PCL	  scaffolds	   were	   tested	   in	   water	   immersed	   and	   dry	  conditions	  for	  different	  micro	  porosity,	  and	  filled	  with	  PVA	  hydrogel	   for	  1-­‐6	  cycles	  of	   freezing	  and	   thawing.	  The	  PVA	  hydrogel	  it	  self	  was	  tested	  for	  1-­‐6	  cycles	  of	  f/t.	  The	  P(EA-­‐HEA)	   scaffold	   was	   tested	   in	   immersed	   and	   dried	  conditions	   for	   different	   grade	   of	   crosslinking	   agent	   and	  filled	  with	  PVA	  6	  cycles	  f/t.	  Six	  samples	  of	  each	  group	  were	  tested	   and	   one	   way	   ANOVA	   statistical	   test	   was	   done	  (p<0.05)	   and	   unpaired	   t-­‐test	   with	   Welch	   correction	   was	  used	  to	  evaluate	  statistical	  significant	  differences	  between	  groups.	  One	  way	  ANOVA	  can	  compare	  differences	  between	  more	   than	   two	   groups	   and	   the	   t-­‐test	   is	   considered	   a	  special	  case	  of	  the	  one	  way	  ANOVA	  and	  can	  only	  compare	  two	  groups.	  	  	  Mechanical	   characterization	   of	   the	   samples	   was	  performed	   using	   a	   Microtest	   SCM	   3000	   95	   Universal	  testing	  machine	  (Spain)	  with	  a	  15	  N	  load	  cell.	  The	  samples	  were	   exposed	   to	   unconfined	   compression	   cycles	   to	   15%	  












 The	   PCL	   scaffolds	   were	   tested	   for	   long-­‐time	   mechanical	  behavior	  by	  fatigue	  tests.	  The	  scaffolds	  were	  tested	  in	  dry	  conditions,	   immersed	  in	  water	  and	  filled	  with	  PVA	  gel	  for	  6	  cycles	  of	  f/t.	  The	  scaffolds	  were	  subjected	  to	  100,	  3000,	  10,000	  and	  100,000	  cycles	  of	  1	  Hz	  sinusoidal	  compression	  of	   15%	   strain	   in	   a	   Microtest	   Universal	   Fatigue	   machine	  with	  a	  1500	  N	  cell.	  The	  chosen	  strain	  of	  15%	  ensures	  that	  the	  samples	  are	  subjected	  to	  a	  higher	  compressive	  fatigue	  strain	   than	   the	   samples	   would	   suffer	   inside	   the	   human	  body,	   which	   would	   be	   less	   than	   6%	   strain	   (30).	   The	  number	  of	  cycles	  has	  been	  chosen	  to	  compare	  short-­‐time	  with	   long-­‐time	  effects	   inside	   the	   scaffolds.	  The	   frequency	  of	   1Hz	   is	   chosen	   to	   imitate	   the	   frequency	   of	   a	   normal	  human	   step	   (223)	   After	   each	   fatigue	   time	   the	   samples	  were	   measured	   in	   a	   Thermo-­‐Mechanical	   Assay	   machine	  (TMA)	   Seiko	   TMA/SS6000	   (Japan),	   with	   two	   successive	  programs	  of	  loading	  and	  unloading	  to	  100	  g	  with	  a	  rate	  of	  10	   g/min	   in	   room	   temperature.	   The	   experiments	   in	   the	  TMA	   machine	   were	   also	   made	   for	   the	   samples	   without	  fatigue,	  serving	  as	  control.	  The	  compliance	  of	  the	  samples	  have	   been	   calculated	   as	   the	   inverse	   slope	   of	   the	   initial	  slope	  of	   the	  stress-­‐strain	  curve	  obtained	   in	   the	  TMA.	  The	  compliance	   was	   calculated	   since	   the	   experiments	   were	  






made	   in	   a	   force-­‐controlled	   mode.	   Six	   samples	   of	   each	  group	  were	  tested	  and	  one	  way	  ANOVA	  statistical	  test	  was	  done	   (p<0.05)	   and	  unpaired	   t-­‐test	  with	  Welch	   correction	  was	   used	   to	   evaluate	   statistical	   significant	   differences	  between	  groups.	  
Confined	  compression	  





of	   this	   data.	   Although	   the	   relationship	   between	   the	  aggregate	  modulus	  and	  strain	  for	  large	  strains	  is	  not	  linear	  (228)	   for	   strains	   up	   to	   20%	   the	   assumption	   of	   linear	  behavior	  can	  be	  used	  (229)	  (230).	  The	  aggregate	  modulus	  is	   a	   measure	   of	   the	   compressive	   resistance	   of	   the	   solid	  phase	  at	  equilibrium.	  According	   to	   the	   linear	   biphasic	   theory,	   stress	   relaxation	  time	   dependence	   for	   large	   times	   can	   be	   described	   by	   a	  single-­‐exponential	  function	  with	  a	  relaxation	  time,	  t,	  given	  by	  equation	  4	  (40)	  (227)	  (231)	  (121)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝜏 = !!!!!!!	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (4)	  	  Where	   h	   is	   the	   sample	   thickness,	   HA	   is	   the	   aggregate	  compressive	  modulus	  and	  k	   is	   the	  hydraulic	  permeability	  in	   the	  z	  direction.	  Therefore,	  by	   fitting	   the	  stress	  vs.	   time	  relaxation	   data	   to	   the	   single-­‐exponential	   function,	   the	  relaxation	   time	   was	   calculated,	   and	   thus,	   the	   hydraulic	  permeability	  of	  the	  sample.	  	  Six	   samples	   of	   each	   group	   were	   tested	   and	   one	   way	  ANOVA	  statistical	  test	  was	  done	  (p<0.05)	  and	  unpaired	  t-­‐test	  with	  Welch	  correction	  was	  used	  to	  evaluate	  statistical	  significant	  differences	  between	  groups.	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Chapter	  3:	  An	  in	  vitro	  experimental	  model	  to	  
predict	   the	   mechanical	   behavior	   of	  
macroporous	  scaffolds	  implanted	  in	  articular	  
cartilage	  	  This	  chapter	  is	  based	  on	  the	  published	  article	  "An	  in	  vitro	  
experimental	  model	   to	   predict	   the	  mechanical	   behavior	   of	  





Unconfined	  compression	  tests	  and	  SEM	  observations	  have	  been	   done	   to	   characterize	   the	   scaffolds.	   The	   PCL/PVA	  construct	   was	   subjected	   to	   1-­‐6	   cycles	   of	   f/t	   and	  mechanical	  assays	  was	  done	  for	  each	  cycle	  of	  f/t.	  The	  pure	  PVA	   hydrogels	   were	   subjected	   to	   1-­‐6	   cycles	   of	   f/t	   and	  tested	  as	  controls.	  	  
Results	  and	  Discussion	  
 SEM	   images	   show	   that	   the	   PCL	   scaffold	   shows	   a	   double	  interconnected	   porosity	   with	   macro-­‐pores	   ranging	   from	  120	   µm	   to	   200	   µm	   approximately.	   The	   macro-­‐pores	   are	  produced	   by	   the	   porogen	   leaching	   process.	   The	   micro-­‐pores	   are	   approximately	   10µm	   and	   result	   from	   the	  extraction	   of	   dioxane	   crystals	   formed	   in	   the	   freeze	  extraction	   process	   (Figure	   3.1a).	   The	   microstructure	   is	  similar	   to	   that	   obtained	   in	   previous	   studies.	   (121)	   (123)	  (232)	   (122)	   (155)	   Figure	   3.1b	   shows	   the	   PCL	   scaffold	  filled	   with	   the	   PVA	   gel	   after	   6	   cycles	   of	   freezing	   and	  thawing.	  It	  is	  clear	  that	  the	  gel	  enters	  both	  the	  macro	  and	  micro-­‐pores.	   Cryogenic-­‐SEM	   was	   used	   to	   assess	   the	  microstructure	  of	   the	  PVA	  gels	   to	  conserve	   the	  structural	  swelling.	   Figure	   3.1c	   shows	   the	   porous	   structure	   of	   the	  pure	  PVA	  gel,	  visible	  only	  at	  higher	  magnifications.	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Natural	   articular	   cartilage	   can	   be	  modelled	   as	   a	   biphasic	  structure,	  with	  a	  solid	  porous	  permeable	  phase,	  the	  tissue,	  and	  a	  fluid	  phase.	  Cartilage	  tissue	  consists	  of	  extracellular	  matrix	   produced	   by	   chondrocytes,	   which	   organize	   and	  maintain	   the	   structure	   of	   the	   cartilage	   by	   continued	  reorganization	   activity.	   Cartilage	   is	   mainly	   formed	   by	  collagen	   type	   II	   fibres	   and	   glycosaminoglycans	   (GAGs),	  which	  are	  responsible	  for	  high	  water	  absorption	  capacity.	  The	  particular	  mechanical	  properties	  of	  articular	  cartilage	  arise	   mainly	   from	   the	   interactions	   of	   water,	   electrolytes	  and	   the	   collagen	   and	   proteoglycans	   polymeric	   matrix.	  When	   cartilage	   is	   deformed,	   water	   flows	   through	   the	  tissue	   allowing	   limited	   deformation	   and	   giving	   a	  viscoelastic	  response.	  Therefore	  it	  is	  the	  biphasic	  structure	  of	   cartilage	   that	   determines	   its	   load-­‐bearing	   capacity.	  Pressure	   makes	   fluid	   flow	   through	   the	   permeable	   solid	  phase.	  	  (233)	  (234)	  (42)	  (69)	  	  This	   study	   intends	   to	   obtain	   an	   experimental	  model	   that	  simulates	   the	  mechanical	   behavior	  of	   the	  porous	   scaffold	  when	   cartilaginous	   tissue	   grows	   inside	   the	   pores.	   The	  mechanical	   response	   of	   a	   scaffold	  with	   pore	   architecture	  immersed	   in	  water,	   such	   as	   that	   shown	   in	  Figure	  3.1a,	   is	  expected	   to	   be	   quite	   different	   from	   that	   of	   healthy	  cartilage	  because	  the	  dynamics	  of	  the	  water	  flow	  through	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Figure	  3.2.	  Stress-­‐strain	  curves	  obtained	  at	  varying	  compression	  rates	  in	  
an	   unconfined	   compression	   test	   of	   a	   sample	   of	   PCL	   scaffold	   filled	  with	  
PVA	  gel	  and	  subjected	  to	  6	  freezing	  and	  thawing	  cycles.	  The	  rates	  used	  
were	   1mm/min	   (grey	   squares),	   0.5	   mm/min	   (light	   grey	   line),	   0.2	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Figure	  3.3.	  Unconfined	  compression	  test	  of	  the	  PCL	  scaffold	  immersed	  in	  
liquid	   water	   (light	   grey),	   PVA	   gel	   after	   6	   freezing	   and	   thawing	   cycles	  
(grey)	  and	  the	  PCL	  scaffold	  /PVA	  construct	  after	  6	  freezing	  and	  thawing	  
cycles	  (black).	  
	  
Figure	  3.4.	  The	  elastic	  modulus	  (black)	  of	  the	  PVA	  gel	  1-­‐6	  f/t	  cycles.	  The	  
stress	   at	   15%	   strain	   is	   represented	   in	   the	   secondary	   axis	   (grey).	   An	  
ANOVA	   and	   t-­‐test	   analysis	   was	   done	   (p<0,5)	   for	   and	   black	   (modulus)	  







































































An in vitro experimental model to predict the mechanical behavior of 






Figure	   3.5.	   The	   Apparent	   elastic	   modulus	   (black)	   and	   stress	   at	   15%	  
strain	  (grey)	  measured	  in	  unconfined	  compression	  tests	  in	  PCL	  scaffolds	  
(measured	  in	  immersion	  in	  water-­‐i	  or	  dry-­‐d)	  and	  the	  PCL	  scaffolds/PVA	  
constructs	   subjected	   to	   a	   different	   number	   of	   successive	   cycles	   of	  
freezing	   and	   thawing.	   The	   asterisk	   indicates	   significant	   differences	   for	  
(black)	  modulus	  and	   (grey)	  max	   stain	  with	   respect	   to	  dry	  PCL	   scaffold	  














































hydrogen	  bonding	  between	  amorphous	  and	  or	  crystalline	  regions	  and	  the	  densification	  of	  regions	  of	  amorphous	  PVA	  chains.	  (237)	  The	  modulus	  for	  the	  highest	  crosslinked	  gel	  reaches	  0.133	  MPa.	  The	  trend	  for	  the	  stress	  at	  15%	  strain	  shows	   the	   same	   behavior	   with	   a	   linear	   dependence	  between	   the	   stress	   and	   the	   number	   of	   freezing	   and	  thawing	  cycles.	  It	  is	  worth	  noting	  that	  the	  results	  in	  Figure	  24	  do	  not	  show	  any	  indication	  of	  reaching	  stable	  values	  for	  the	   stiffness	  of	   the	   gel.	  As	   a	   consequence,	  we	  expect	   that	  subjecting	   the	   gel	   to	   further	   freezing	   and	   thawing	   cycles	  would	  lead	  to	  an	  increase	  of	  its	  modulus.	  	  The	   compression	   test	   of	   the	   PCL	   scaffold/PVA	   construct	  shows	  similar	  behavior	  (Figure	  3.5)	  as	  the	  PVA	  hydrogels.	  For	   one	   freezing	   and	   thawing	   cycle	   the	   modulus	   of	   the	  construct	  is	  about	  0.12	  MPa	  and	  for	  every	  additional	  cycle	  up	   to	   6	   cycles	   the	   stiffness	   increases	   until	   reaching	   0.82	  MPa.	  Interestingly	  enough,	  the	  mean	  value	  of	  the	  modulus	  do	   not	   depend	   linearly	   on	   the	   number	   of	   freezing	   and	  thawing	  cycles,	  instead	  there	  is	  an	  increasing	  effect	  on	  the	  stiffness	   with	   each	   successive	   cycle.	   Furthermore,	   the	  mean	   value	   of	   the	   compression	   modulus	   for	   constructs	  subjected	   to	   1	   to	   3	   freezing	   and	   thawing	   cycles	   is	   even	  lower	   than	   for	   the	   PCL	   scaffolds	   measured	   dry	   or	   in	  immersion	  without	  PVA.	  The	  statistical	  analyses	  show	  that	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nanoporosity,	   permeability	   studies	   suggest	   a	   complex	  relationship	  between	   crystallinity,	   pore	   interconnectivity,	  permeability	  and	  pore	  tortuosity	  that	  results	  in	  a	  decrease	  in	  permeability	  with	  the	  number	  of	  cycles.	  (140)	  	  This	   singularity	   explains	   that	   in	   the	   low	   deformation	  regime,	   the	   stiffness	   of	   the	   PCL	   scaffold/PVA	   construct	  increases	   for	   every	   cycle	   of	   freezing	   and	   thawing	   much	  more	  than	  the	  stiffness	  of	  the	  PVA	  gel	  itself.	  This	  behavior	  is	   also	   relevant	   for	   the	   application	   of	   macroporous	  scaffolds	   in	   cartilage	   engineering	   strategies.	   The	  development	   of	   newly	   formed	   tissue	   inside	   the	   pores	  could	   allow	   the	   implanted	   scaffold	   to	   reach	   mechanical	  properties	   close	   to	   that	   of	   the	   healthy	   articular	   cartilage,	  even	   if	   the	   regenerated	   tissue	   is	   softer	   than	   the	   healthy	  tissue.	   This	   is	   important	   for	   tissue	   regeneration	   since	   it	  implies	   that	   the	   biomechanical	   environment	   of	   cells	  hosted	   in	   the	  scaffold	  pores	  could	  be	  adequate	   in	  shorter	  times	   than	   those	   required	   for	   the	   organization	   of	  extracellular	  matrix	  with	  the	  structure	  of	  hyaline	  cartilage.	  In	  fact,	  it	  is	  possible	  that	  the	  extracellular	  matrix	  produced	  within	   the	  macro	  pores	  of	   a	   scaffold	  do	  not	  organize	   like	  hyaline	   cartilage,	   despite	   of	   the	   fact	   that	   chondrocyte	  markers	  are	  expressed.	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Sample	   Elastic	  Modulus	  (MPa)	   Stress	  at	  15%	  strain	  (MPa)	  
PVA	  6	  f/t	  cycles	   0.13	  ±0.005	   0.032	  ±0.002	  
PCL	  dry	  scaffold	   0.25	  ±0.088	   0.040	  ±0.006	  
PCL/PVA	  construct	  6	  f/t	  cycles	   0.82	  ±0.14	   0.11	  ±0.009	  
Articular	  cartilage	  (rabbit	  mode)	   0.41±0.12	   0.08-­‐0.003	  
	  
Table	  3.1.	  The	  values	  of	  the	  apparent	  modulus	  and	  the	  maximum	  stress	  
for	   the	  PCL	  scaffold,	   the	  PVA	  gel	  and	   the	  scaffold/gel	  construct.	  Values	  
for	   articular	   cartilage,	   previously	   reported,	   are	   shown	   for	   comparison.	  
(152)	  The	   results	   obtained	   with	   the	   experimental	   model	  proposed	   in	   this	   study	   show	   that	   testing	   a	   scaffold	   to	  predict	   its	   performance	   during	   tissue	   regeneration	  requires	  a	  precise	  simulation	  of	  the	  contribution	  of	  newly	  formed	   tissue	   and	   of	   the	   behavior	   of	   the	   scaffold/tissue	  construct.	   This	   experimental	   model	   could	   be	   used	   to	  obtain	  a	  realistic	  prediction	  of	  the	  performance	  of	  a	  given	  macro	   porous	   scaffold	   after	   a	   number	   of	   deformation-­‐recovery	   cycles	   as	   is	   experienced	   in	   vivo	   during	   tissue	  regeneration.	   Long-­‐term	   fatigue	   testing	   of	   unfilled	  scaffolds	   could	   significantly	   underestimate	   the	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performance	   of	   the	   material.	   Mechanical	   performance	   of	  the	  scaffold	  while	  it	  is	  resorbed	  in	  vivo	  could	  be	  adequately	  analyzed	   as	   well	   using	   hydrolytic	   or	   enzymatic	   media	  during	  fatigue	  testing.	  
Conclusions	  





predict	  the	  performance	  of	  scaffolds	  during	  degradation	  or	  during	  long-­‐term	  fatigue	  testing.	  	  The	   biphasic	   theory	   addresses	   natural	   articular	   cartilage	  two	  different	  constituents,	  a	  fluid	  phase	  and	  a	  solid	  phase.	  This	   theory	   is	   also	   applicable	   on	   PVA	   hydrogels.	   In	  cartilage	   the	   solid	   phase	   is	   a	   porous	   structure	   of	   mainly	  collagen	   fibres	   and	   proteoglycans.	   The	   fluid	   is	   the	  interstitial	   fluid	   within	   the	   porous	   structure.	   Articular	  cartilage	   is	   to	  70-­‐80	  %	  made	  up	  of	  water.	  PVA	  hydrogels	  are	   to	   90	   %	   water.	   The	   PVA	   hydrogels	   constitutes	   of	  polymer	   chains	   that	   forms	   a	   porous	   structure	  where	   the	  water	   can	   pass	   through.	   The	   mechanical	   properties	   of	  cartilage	   are	   highly	   dependent	   on	   the	  negatively	   charged	  GAGs	  and	  the	  water	  swelling	  capacity.	  PVA	  hydrogels	  swell	  readily	   and	   its	   swelling	   capacity	   is	   strictly	   dependent	   on	  its	   polymer	   content	   and	  number	   of	   freezing	   and	   thawing	  cycles.	  The	  water	  is	  retained	  within	  the	  polymer	  network.	  (238)	  The	  mechanical	  properties	   are	   to	   a	   large	  extent,	   in	  both	  articular	  cartilage	  and	  PVA	  hydrogels,	  dependent	  on	  the	   fluid	   phase	   and	   the	   permeability	   of	   the	   porous	  structure.	   In	   this	   study	   it	   is	   clear	   that	   the	   mechanical	  strength	   of	   the	   hydrogel	   increases	   with	   the	   number	   of	  freezing	   and	   thawing	   cycles.	   Other	   authors	   compare	   and	  suggest	  PVA	  hydrogels	  as	  a	  substitute	  for	  natural	  articular	  
An in vitro experimental model to predict the mechanical behavior of 





cartilage.	   	  ESEM	  images	  show	  that	  both	  cartilage	  and	  PVA	  hydrogels	  are	  porous	  structures	  with	  small	  holes.	  (196)	  In	  this	   work	   we	   show	   that	   it	   is	   possible	   to	   obtain	   a	  scaffold/gel	   construct	  with	  mechanical	   properties	   similar	  to	   that	   of	   the	   growing	   matrix	   of	   articular	   cartilage.	   The	  stiffness	   of	   the	   PVA	   hydrogel	   can	   easily	   be	   tailored	   by	  adjusting	   the	   number	   of	   freezing	   and	   thawing	   cycles.	   In	  






Chapter	   4:	   Prediction	   of	   the	   in	   vivo	  
mechanical	  behavior	  of	  biointegrable	  acrylic	  
macroporous	  scaffolds	  
 This	  chapter	  is	  based	  on	  the	  manuscript	  “Prediction	  of	  the	  “in	   vivo”	   mechanical	   behaviour	   of	   biointegrable	   acrylic	  macroporous	   scaffolds”	   accepted	   for	   publication	   in	  Materials	  Science	  and	  Engineering	  C	  June	  2015.	   	  This	   study	   examines	   a	   biocompatible	   scaffold	   series	   of	  random	   copolymer	   networks	   P(EA-­‐HEA)	   made	   of	   Ethyl	  Acrylate,	   EA,	   and	   2-­‐Hydroxyl	   Ethyl	   Acrylate,	   HEA.	   The	  P(EA-­‐HEA)	   scaffold	   has	   been	   synthesized	   with	   varying	  crosslinking	  density	  and	   filled	  with	  a	  Poly(Vinyl	  Alcohol),	  PVA,	   to	   mimic	   the	   growing	   cartilaginous	   tissue	   during	  tissue	   repair.	   In	   cartilage	   regeneration	   the	   scaffold	  needs	  to	   have	   sufficient	   mechanical	   properties	   to	   sustain	   the	  compression	   loading	   in	   the	   joint	   and,	   at	   the	   same	   time,	  transmit	   the	   stress	   to	   the	   cells	   for	   chondrogenic	  differentiation.	   This	   study	   proposes	   an	   experimental	  model	   for	   measuring	   the	   mechanical	   properties	   of	   the	  scaffold	  in	  a	  cartilage	  defect.	  The	  P(EA-­‐HEA)	  scaffolds	  are	  filled	  with	  an	  aqueous	  solution	  of	  Poly(Vinyl	  Alcohol)	  and	  subjected	   to	   repeating	   cycles	   of	   freezing	   and	   thawing	   to	  crosslink	   the	   hydrogel	   inside	   the	   scaffolds	   pores.	   The	  






mechanical	   properties	   of	   the	   scaffold/hydrogel	   construct	  are	   measured	   and	   the	   morphology	   before	   and	   after	   the	  mechanical	  tests	  are	  evaluated.	  
Results	  and	  Discussion	  









Material	   f	  (%)	  	  P(EA-­‐HEA)	  1%	   78	  ±	  4	  P(EA-­‐HEA)	  3%	   83	  ±	  3	  P(EA-­‐HEA)	  5%	   87	  ±	  4	  PMMA	  template	   9	  ±	  5	  
	  
Table	  4.1.	  The	  porosity	  of	  the	  porogen	  template	  and	  the	  P(EA-­‐HEA)	  
scaffolds	  without	  PVA	  hydrogel.	  
	  All	   the	   P(EA-­‐HEA)	   scaffolds	   (Figure	   4.1a-­‐c)	   present	   an	  interconnected	   structure	   with	   spherical	   pores	   before	  compression	   tests.	   It	   is	   also	   possible	   to	   observe	   that	   the	  scaffold	   pores	   are	   more	   open	   and	   interconnected,	   with	  thinner	   trabeculare,	   for	   higher	   crosslinking	   density.	   The	  pore	  size	  was	  estimated	  from	  15-­‐20	  pores	  in	  three	  photos	  for	  each	  sample.	  The	  P(EA-­‐HEA)	  1%	  scaffolds	  show	  a	  pore	  size	   of	   15÷50	   µm,	   the	   P(EA-­‐HEA)	   3%	   scaffolds	   between	  20÷60	   µm	   and	   the	   P(EA-­‐HEA)	   5%	   scaffolds	   between	  20÷65	  µm.	   It	   is	   hence	   seen	   a	   small	   increase	   in	   pore	   size	  with	   increasing	  crosslinking	  density.	  This	  phenomenon	   is	  produced	   during	   the	   solvent	   exchange	   process	   from	  acetone	   to	   water	   in	   the	   scaffold	   synthesis.	   The	   material	  with	   higher	   crosslinking	   density	   absorb	   less	   acetone	  which	   maintains	   the	   material	   rigid	   during	   the	   solvent	  



















































































































































































































































































Figure	  4.2.	  The	  elastic	  modulus	  (MPa)	  and	  stress	  for	  15%	  strain	  (kPa)	  in	  
the	   unconfined	   compression	   tests	   for	   the	   P(EA-­‐HEA)	   series,	   water	  
absorbed,	  water	   immersed	  and	   filled	  with	  PVA	  hydrogel	   for	  1,	   3	  and	  6	  
cycles	  f/t:	  (a)	  P(EA-­‐HEA)	  1%,	  (b)	  P(EA-­‐HEA)	  3%	  and	  (c	  )	  P(EA-­‐HEA)	  5%.	  
Black	  columns	  represent	  modulus	  and	  grey	  stress	  for	  15%	  strain.	  ANOVA	  
statistical	   analysis	   and	   unpaired	   t-­‐test	   (p<	   0,05)	   were	   made	   between	  
groups	   and	   significant	   difference	   is	   marked	   with	   an	   asterisk	   (black	  
between	   modulus	   and	   grey	   between	   stress	   for	   15%	   strain)	   in	  

































































Figure	  4.3.	  PVA	  gel	  subjected	  to	  1,	  3	  and	  6	  cycles	  of	  freezing	  and	  thawing	  
in	  unconfined	  compression	  tests	  in	  immersed	  conditions.	  Black	  columns	  
represent	  modulus	  (MPa)	  and	  grey	  stress	   for	  15%	  strain	  (kPa).	  ANOVA	  
statistical	   analysis	   and	   unpaired	   t-­‐test	   (p<	   0,05)	   were	   made	   between	  
groups	   and	   significant	   difference	   is	   marked	   with	   an	   asterisk	   (black	  
between	   modulus	   and	   grey	   between	   stress	   for	   15%	   strain)	   in	  



















































When	  the	  PVA	  solution	   is	   introduced	   into	  P(EA-­‐HEA)	  1%	  scaffolds	   and	   subjected	   to	   6	   cycles	   of	   f/t	   (Figure	   4.4a)	   it	  can	  be	  seen	  that	  the	  hydrogel	  enters	  all	  the	  scaffolds	  pores.	  SEM	   images	  of	   the	   cross-­‐sektion	  of	   the	   scaffold/hydrogel	  construct	   after	   compression	   tests	   (Figure	   4.4b)	   show	   a	  slighly	  different	  morphology,	  with	  a	  dense	  gel	   that	  seems	  affected	   by	   compression.	   SEM	   images	   of	   pure	   PVA	  hydrogel	   after	   1,	   3	   and	   6	   cycles	   f/t	   show	   a	   porous	  structure	  with	  a	  disperse	  pore	  size	  (0.5-­‐2	  μm)	  for	  all	  cycles	  of	   f/t.	   Figure	   4c	   shows	   the	   hydrogel	   after	   6	   cycles	   f/t,	  which	  is	  representative	  for	  all	  cycles	  f/t.	  	  
Sample	   Crystallinity	  (%)	  
PVA	  0	  cycles	  f/t	   46.4	  	  
PVA	  1	  cycles	  f/t	   48.6	  
PVA	  6	  cycles	  f/t	   54.7	  
	  
Table	  4.2.	  The	  crystallinity	  of	  the	  PVA	  solution	  and	  hydrogels	  calculated	  





	  	  	  	  















































































































































































































with	  PVA	  6	  cycles	  f/t	  have	  values	  close	  to	  those	  of	  human	  articular	  cartilage.	  The	  increase	  in	  elastic	  modulus	  in	  the	  water	  filled	  samples,	  in	  comparison	   to	   the	  empty	  scaffolds,	   is	  explained	  by	   the	  water	   expulsion	   through	   the	   scaffold.	   The	   decrease	   in	  elastic	   modulus	   in	   the	   hydrogel	   filled	   samples	   is	   also	  explained	   by	   the	   water	   flow	   through	   the	   sample.	   The	  presence	   of	   a	   soft	   gel	   inside	   the	   pores	   makes	   the	   water	  flow	   easier	   and	   thus,	   increases	   the	   compliance	   of	   the	  scaffold.	   It	   is	   worth	   to	   notice	   that	   the	   situation	   is	   quite	  different	   from	   that	   of	   a	   scaffold	   with	   both	   macro	   and	  micro-­‐pores.	   In	  previous	   studies	  with	   a	  Polycaprolactone	  scaffold	  filled	  with	  PVA	  hydrogel	  (Chapter	  3)	  there	  was	  no	  difference	   in	   the	   elastic	   modulus	   for	   dry	   and	   water	  immersed	   scaffolds.	  The	  PCL	   scaffold	   is	   fabricated	  with	  a	  freeze	   extraction	   and	   particle	   leaching	   method	   (117)	  (123)	   (151)	   (121)	   (122)	   that	   generates	   both	   macro	   and	  micro-­‐pores	   in	   the	   scaffold	  walls.	  The	   fact	   that	   the	  water	  immersed	  and	  dry	  PCL	  scaffold	  showed	  similar	  mechanical	  properties,	  whereas	  the	  macro-­‐porous	  P(EA-­‐HEA)	  scaffold	  showed	  a	  significant	  difference	  between	  the	  dry	  and	  water	  immersed	   samples	   reveals	   the	   role	   of	   micro	   porosity	   on	  water	   flow	   and	  mechanical	   properties.	   In	   the	   case	   of	   the	  macro	   and	   micro-­‐porous	   PCL	   scaffold,	   a	   relative	   high	  











scaffold/tissue	   can	  be	   compared	   to	   the	   scaffold/hydrogel	  model	   for	   different	   cycles	   of	   f/t.	   Initially,	   the	  modulus	   of	  the	   P(EA-­‐HEA)	   scaffolds	   would	   be	   similar	   to	   the	   water	  immersed	  scaffolds.	  Then,	  it	  would	  apparently	  decrease	  in	  the	   fist	   stages	   of	   tissue	   regeneration	   and	   with	   time	  increase,	  when	  the	  repair	  tissue	  inside	  the	  scaffold	  impede	  water	  flow	  through	  the	  porous	  structure.	  
Conclusions	  
 This	   study	   evaluates	   the	   mechanical	   properties	   of	   P(EA-­‐HEA)	   scaffolds	  made	  with	   a	   porogen	   template	   technique	  for	  different	  crosslinking	  density.	  The	  scaffolds	  have	  been	  tested	  empty,	  water	  immersed	  or	  filled	  with	  PVA	  hydrogel	  subjected	   to	   different	   number	   of	   freezing	   and	   thawing	  cycles.	   It	   can	   be	   seen	   that	   the	   P(EA-­‐HEA)	   scaffolds	   have	  increasing	   porosity	   with	   increasing	   crosslinking	   density,	  due	   to	   the	   solvent	   exchange	   in	   the	   synthesis	   method.	  Furthermore	   it	   can	   be	   observed	   that	   the	   PVA	   hydrogel	  enters	   all	   the	   scaffold	   pores,	   confirmed	   by	   porosity	  measurements	  and	  SEM	  photos.	  The	  PVA	  hydrogels	  show	  increasing	  crystallinity	  and	  decreasing	  water	  content	  with	  increasing	   number	   of	   freezing	   and	   thawing	   cycles.	   The	  SEM	   images	   show	   that	   the	   compression	   test	   do	   not	  	  damage	  or	  collapse	  the	  scaffold	  pores.	  The	  elastic	  modulus	  













Chapter	   5:	   Relationship	   between	   micro-­‐
porosity,	  water	  permeability	  and	  mechanical	  
behavior	   of	   scaffolds	   for	   cartilage	  
engineering	  
 This	  chapter	   is	  based	  on	  the	  article	  “Relationship	  between	  
micro	   porosity,	   water	   permeability	   and	   mechanical	  
behavior	  in	  scaffolds	  for	  cartilage	  engineering”	  published	  in	  the	   Journal	   of	   the	   Biomechanical	   Behavior	   of	   Biomedical	  Materials	  48,	  pages	  60-­‐60,	  2015.	  	  Polycaprolactone	  (PCL)	  scaffolds	  with	  a	  double	  micro	  and	  macro-­‐pore	   architecture	   have	   been	   synthesized	  with	   the	  freeze	   extraction	   and	   particle	   leaching	   method.	   PCL	  concentrations	   of	   15,	   20	   and	   25%	   PCL	   were	   used	   and	  tested	   in	   dry,	   water	   immersed	   and	   filled	  with	   PVA	   for	   6	  cycles	   of	   f/t.	   This	   study	   explores	   the	   influence	   of	   the	  micro-­‐porosity	   of	   the	   pore	   walls	   on	   water	   permeability	  and	   scaffold	   compliance.	   Unconfined	   and	   confined	  compression	   tests	   were	   performed	   to	   characterize	   both	  the	   water	   permeability	   and	   the	   mechanical	   response	   of	  scaffolds	  with	  varying	  size	  of	  micro-­‐porosity	  while	  volume	  fraction	  of	   the	  macro	  pores	  remain	  constant.	  SEM	  images	  reveal	  the	  morphology	  of	  the	  scaffolds.	  
Relationship between micro-porosity, water permeability and 







Results	  and	  discussion	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Confined	   compression	   tests	   were	   done	   to	   evaluate	   the	  permeability	   of	   the	   pure	   PVA	   gel	   and	   the	   15%	   PCL/PVA	  construct.	   The	  20	   and	  25%	  PCL	   scaffolds	   filled	  with	  PVA	  and	   subjected	   to	   6	   cycles	   of	   freezing	   and	   thawing	   were	  measured	   and	   compared	   to	   the	   scaffolds	   immersed	   in	  water.	  Figure	  5.3	  shows	  the	  stress-­‐strain	  curve	  for	  one	  of	  the	  scaffolds:	  20%	  PCL	  immersed	  in	  water,	   from	  with	  the	  aggregate	  modulus	   and	   permeability	  was	   calculated.	   The	  confined	   compression	   test	   consisted	   of	   a	   series	   of	  successive	  strain	  ramps	  to	  2,	  4,	  8,	  12,	  16	  and	  20%	  of	  strain.	  Each	  new	  strain	  level	  was	  followed	  by	  a	  relaxation	  period	  of	   15	   min.	   The	   values	   of	   the	   stress	   after	   the	   relaxation	  period	  was	  best	  fitted	  to	  a	  straight	  line	  and	  the	  aggregate	  modulus	  was	  obtained	  from	  its	  slope	  (Figure	  5.3a).	  For	  the	  stress	   relaxation	   at	   8,	   12,	   16	   and	   20%	   of	   strain	   a	   force-­‐time	  graph	  was	  drawn	  (Figure	  5.3b	  shows	   the	   force-­‐time	  graphs	   for	   each	   of	   the	   stress	   relaxation	   strains).	   The	  relaxation	   time	   was	   calculated	   from	   best	   fit	   to	   a	   single	  exponential	  function	  for	  large	  times.	  The	  permeability	  was	  calculated	   from	  equation	  4.	   From	   this	   it	   can	  be	   seen	   that	  permeability	  of	   the	  pure	  gel	   is	  much	  higher	   than	   that	   for	  the	  15%	  PCL/PVA	  construct	  (Figure	  5.4a).	  For	  one	  cycle	  of	  freezing	  and	  thawing	   	  permeability	  of	  the	  pure	  PVA	  gel	   is	  very	   high,	   since	   the	   gel	   has	   limited	   crosslinks.	   For	   each	  cycle	   of	   freezing	   and	   thawing	   the	   crosslinking	   density	   is	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Figure	   5.3.	   (a)	   A	   representative	   stress-­‐strain	   graph	   from	   the	   confined	  
compression	   assay	   for	   20%	   PCL	   immersed	   in	   water.	   The	   aggregate	  
modulus	   is	  obtained	  as	   the	   slope	   from	  the	   linear	   fit	  of	   the	   stress-­‐strain	  
curves	   at	   equilibrium	   points	   (gray	   circles	   and	   dashed	   line).	   (b)	   The	  
force-­‐time	  graphs	  with	  strain	  of	  8,	  12,	  16	  and	  20%	  represented	  from	  top	  
left	  to	  right	  down.	  The	  relaxation	  time	  is	  calculated	  from	  the	  fitting	  to	  a	  
single-­‐exponential	   function	   for	   large	   time	   (thick	   grey	   line).	   The	  
permeability	   is	   deduced	   from	  equation	   (4)	  with	   the	   values	   obtained	  of	  
the	  aggregate	  modulus	  and	  relaxation	  time.	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Figure	   5.4.	   (a)	   Permeability	   for	   pure	   PVA	   and	   15%	   PCL	   immersed	   in	  
water	  and	  filled	  with	  PVA	  for	  1	  to	  6	  cycles	  of	  freezing	  and	  thawing	  (f/t).	  
An	  ANOVA	  statistical	  test	  was	  done,	  and	  when	  statistical	  difference	  was	  
found	   an	   unpaired	   t-­‐test	   was	   performed	   to	   evaluate	   the	   statistical	  
difference	   between	   tested	   groups	   with	   p	   <	   0.05.	   Black	   asterisk	   show	  
statistically	   significant	  difference	  between	  pure	  PVA	  gels	  and	  PCL/PVA	  
constructs,	  and	  grey	  asterisk	  between	  groups	  of	  pure	  PVA	  gels	  different	  
cycles	   f/t.	   b)	   Permeability	   and	   c)	   aggregate	  modulus	   for	   series	   of	   PCL	  
scaffolds	   with	   and	   without	   PVA	   filling.	   The	   black	   asterisk	   show	  
statistically	   significant	   difference	   between	  PCL/PVA	   scaffolds	   and	   grey	  
asterisk	   between	   PCL	   scaffolds.	   There	   are	   no	   statistically	   significant	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Figure	  5.4c	  shows	  the	  results	  for	  the	  aggregate	  modulus	  of	  PCL	   scaffolds	   with	   different	   micro-­‐porosity	   with	   and	  without	   hydrogel	   filling.	   The	   modulus	   increases	   for	  decreasing	   micro-­‐porosity	   and	   there	   is	   no	   significant	  difference	  between	  the	  scaffold	  with	  or	  without	  PVA.	  The	  aggregate	  modulus	  for	  human	  articular	  cartilage	  is	  around	  0.5-­‐0.9	   MPa	   (228)	   and	   the	   permeability	   values	   typically	  range	  between	  10-­‐15	  and	  10-­‐16	  m4/Ns.	  (41)	  (42)	  (243)	  (244)	  (25)	   In	   these	   terms	   the	   PCL/PVA	   construct	   can	   be	  considered	   a	   good	   cartilage	   model,	   specially	   the	   25%	  PCL/PVA.	  The	  hydraulic	  pressure	   in	  cartilage	  depends	  on	  the	  proteoglycans	   in	   the	  ECM	  and	   is	   determined	  by	  pore	  size,	  pore	  distribution,	  tissue	  composition	  and	  mechanical	  deformations.	  	  Loading	   and	   unloading	   tests	   in	   unconfined	   compression	  mode	  were	  performed	  to	  determine	  the	  apparent	  modulus	  and	  maximum	  stress	  reached	   for	  15%	  of	  deformation	   for	  the	  different	  samples	  (Figure	  5.5).	  A	  compression	  test	  until	  total	   collapse	   of	   the	   samples	   was	   also	   done	   to	   see	   the	  different	  zones	  of	  the	  stress-­‐strain	  curve	  (Figure	  5.7).	  The	  typical	   stress-­‐strain	   zones	   are	   the	   elastic	   region	  corresponding	  to	  low	  strain,	  the	  plateau	  region	  where	  the	  scaffold	   struts	   undergo	   permanent	   deformation	   and	   the	  high	  slope	  stress-­‐strain	   region	  which	  shows	   the	  behavior	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of	  the	  compact	  material.	  (65)	  The	  values	  for	  the	  apparent	  modulus	   and	   the	   maximum	   stress	   are	   increasing	   for	  increasing	  PCL	   content,	   i.e	   decreasing	  micro-­‐porosity,	   for	  the	   water	   filled	   and	   PVA	   filled	   samples.	   The	   elastic	  modulus	   of	   rabbit	   articular	   cartilage	   is	   0.41±0.12	   MPa	  (152)	  and	  of	  human	  articular	  cartilage	  0.581±	  0.168	  MPa.	  (25)	   From	   the	   results	   it	   can	   be	   seen	   that	   all	   the	   water	  immersed	  scaffolds	  have	  values	  close	  to	  the	  animal	  model	  and	  the	  scaffolds	  filled	  with	  PVA	  gel	  have	  values	  similar	  to	  human	   articular	   cartilage.	   In	   the	   loading	   of	   the	   PCL	  samples	  immersed	  in	  water	  (Figure	  5.7),	  the	  samples	  with	  higher	   PCL	   content	   have	   less	   distinguished	  pore	   collapse	  zones.	  (65)	  This	  is	  even	  more	  pronounced	  when	  the	  pores	  are	  filled	  with	  PVA	  gel.	   In	  none	  of	  the	  samples	  trabeculae	  buckling	  and	  pore	  collapse	  is	  seen	  and	  for	  the	  curves	  of	  the	  samples	  with	  higher	  PCL	  content	  higher	  stress	  is	  required	  to	  compress	  the	  scaffold	  until	  the	  same	  strain.	  








Figure	  5.5	  a)	  Apparent	  modulus	  for	  the	  series	  of	  PCL	  and	  PCL	  and	  PVA	  
scaffolds.	  b)	  Stress	  at	  15%	  strain	  for	  the	  series	  of	  PCL/PVA	  scaffolds.	  An	  
ANOVA	   statistical	   test	   was	   done,	   and	   when	   statistical	   difference	   was	  
found	   an	   unpaired	   t-­‐test	   was	   performed	   to	   evaluate	   the	   statistical	  
difference	   between	   tested	   groups	   with	   p	   <	   0.05.	   A	   black	   asterisk	  
indicates	  statistically	  significant	  difference	  between	  the	  empty	  and	  filled	  
scaffolds	   and	   between	   the	   PCL/PVA	   scaffolds.	   Grey	   asterisk	   indicate	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Figure	   5.6	   The	   aggregate	   modulus	   for	   the	   15%	   PCL/PVA	   (black)	   and	  
PVA	  hydrogel	  (grey)	  for	  1-­‐6	  cycles	  f/t.	  
	  
	  
Figure	  5.7.	  The	  loading	  of	  the	  PCL	  scaffold	  without	  (continuous	  line)	  and	  
with	  PVA	  gel	  6	  cycles	  of	  f/t	  (dashed	  line).	  The	  black	  lines	  is	  15%	  PCL,	  the	  




















































Unconfined	   stress	   relaxation	   tests	   to	   5%,	   10%	   or	   15%	  compressive	   strain	   were	   performed	   on	   all	   the	   different	  PCL,	  PCL/PVA	  scaffolds	  and	  the	  pure	  PVA	  hydrogel.	  Figure	  5.8	   shows	   the	   stress-­‐relaxation	   curves	   obtained	   for	   the	  15%	   PCL	   scaffold,	   with	   a	   strain	   of	   15%.	   The	   stress	  relaxation	   curves	   for	   5	   and	   10%	   strain	   show	   the	   same	  behavior	   and	   are	   not	   shown.	   The	   experiments	   were	  performed	  with	   the	   samples	   immersed	   in	  water	   at	   room	  temperature.	   At	   this	   temperature	   stress	   relaxation	   of	   a	  PCL	   scaffold	   is	   quite	   a	   slow	   process.	   Indeed,	   in	   the	  performed	   experiment	   the	   stress	   was	   always	   far	   from	  equilibrium;	   reaching	   equilibrium	   would	   require	   an	  experiment	   several	   decades	   longer.	   In	   previous	   study	  (Chapter	   3)	   it	   was	   shown	   that	   the	   apparent	   modulus	   of	  PCL	   scaffold	   immersed	   in	   water	   did	   not	   reach	   values	  higher	  than	  that	  of	  the	  dry	  sample.	  This	  means	  that	  when	  the	  scaffold	  is	  deformed	  in	  free	  compression	  mode,	  water	  leaves	   the	  pores	   faster	  compared	  to	   the	  deformation	  rate	  and	   the	   mechanical	   behavior	   is	   dominated	   by	   the	  viscoelasticity	   of	   the	   porous	   polymer	   (i.e.	   by	  conformational	  rearrangements	  of	  the	  polymer	  chains	  and	  sliding	  of	  polymer	  crystallites).	  In	  the	  case	  of	  PVA	  hydrogel	  the	  values	  of	  the	  stress	  for	  the	  same	  strain	  are	  lower	  than	  that	   of	   the	   PCL	   but	   in	   the	   same	   order	   of	  magnitude.	   The	  stress	  relaxation	  process	  is	  still	  quite	  slow.	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Figure	   5.8.	   The	   logarithmic	   stress	   relaxation	   graphs	   from	   the	  
compression	  test	  for	  the	  15%	  PCL	  scaffold	  without	  (grey	  diamonds)	  and	  
with	  (black	  triangles)	  PVA	  and	  the	  pure	  PVA	  hydrogel	  (light	  grey	  circles)	  
for	  15%	  of	  deformation.	  The	  inset	  shows	  a	  linearity	  test	  of	  the	  results.	  Interestingly	   enough,	   the	   stress	   measured	   at	   short	  intervals	  in	  the	  composite	  is	  much	  higher	  than	  for	  the	  PCL	  scaffold	  or	   the	  PVA	  hydrogel,	   showing	   the	   synergic	  effect	  produced	  by	  a	  hindering	  effect	  of	  the	  composite	  structure	  on	   water	   permeation	   under	   compression	   loading.	   Since	  water	  is	  incompressible,	  any	  delay	  of	  water-­‐flow	  out	  of	  the	  sample	   during	   compression	   produces	   an	   important	  increase	   in	   the	   recorded	   stress.	   In	   fact,	   the	   water-­‐flow	  though	   the	  PVA	  gel	   should	  be	  hindered	  by	   the	   tortuosity	  imposed	   by	   the	   trabecular	   structure	   of	   the	   hydrophobic	  PCL,	   giving	   rise	   to	   a	   delay	   in	   water-­‐flow	   out	   of	   the	  scaffold/gel.	   Due	   to	   hydrogel	   filling	   of	   the	   PCL	   scaffold,	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water-­‐flow	  in	  the	  composite	  is	  expected	  to	  be	  slower	  than	  in	  the	  empty	  scaffold.	  Thus,	  the	  effect	  is	  an	  initial	  stiffness	  of	   the	   composite	  higher	   than	   seen	   in	   any	  PCL	   scaffold	  or	  PVA	  gel.	   The	   stress	   relaxation	   follows	  with	   a	  progressive	  decrease	  in	  the	  stress	  with	  time.	  The	  relaxation	  process	  for	  the	   PCL/PVA	   construct	   is	   faster	   than	   for	   the	   single	  components	   scaffold	   or	   hydrogel,	   which	   shows	   that	   the	  kinetics	  of	   the	   relaxation	  process	   it	  not	   controlled	  by	   the	  polymers	  itself,	  but	  by	  water	  inside	  it.	  The	  results	  must	  be	  interpreted	   bearing	   in	   mind	   that	   the	   observed	  phenomenon	  is	  predominated	  by	  the	  water-­‐flow	  inside	  the	  sample	   and	   not	   by	   the	   polymer	   rearrangements.	   This	  means	   that	   a	   deformation	   of	   the	   sample	   is	   progressively	  allowed	  with	  water-­‐flow	  out	  of	  the	  sample.	  	  
Conclusions	  
 This	  work	  uses	  an	  experimental	  model	  to	  demonstrate	  the	  effect	  of	  micro-­‐porosity	  on	  the	  mechanical	  properties	  of	  a	  macro	   and	   micro-­‐porous	   PCL	   scaffold	   for	   cartilage	  engineering.	  The	  growing	  cartilaginous	  tissue	  is	  simulated	  using	   a	   PVA	   hydrogel	   with	   tailored	   elastic	   modulus.	  Confined	  compression	  tests	  show	  a	  constant	  permeability	  in	   the	   PCL/PVA	   scaffolds	   with	   varying	   hydrogel	   density,	  revealing	   that	   the	   permeability	   is	   non-­‐dependent	   on	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Chapter	  6:	  An	  experimental	   fatigue	  study	  of	  
a	   porous	   scaffold	   for	   the	   regeneration	   of	  
articular	  cartilage	  
 This	   chapter	   is	   based	   on	   the	   published	   article	   “An	  
experimental	   fatigue	   study	   of	   a	   porous	   scaffold	   for	   the	  





Results	  and	  discussion	  
 The	  PVA	  hydrogels	  were	  examined	   to	  evaluate	   the	  water	  content	   of	   the	   gels.	   Hydrogels	   were	   fabricated	   from	   the	  aqueous	  PVA	  solution	  and	  exposed	  to	  6	  cycles	  of	   freezing	  and	   thawing.	   The	   hydrogels	   were	   freeze	   dried,	   and	   then	  heated	  in	  a	  TGA	  scan.	  After	  the	  freeze	  drying,	  the	  average	  water	   content	   of	   the	   hydrogels,	   was	   obtained	   as	   the	  difference	   in	   mass	   of	   the	   hydrogel	   and	   the	   dry	   samples	  obtained.	   The	   average	   water	   content	   was	   calculated	   to	  86.73	  ±	  1.85	  %.	  Then,	  the	  samples	  were	  examined	  in	  TGA,	  and	  the	  resulting	  heating	  curves	  show	  a	  mass	  loss	  of	  4.12±	  0.29%	   up	   to	   180°C	   that	   was	   assigned	   to	   the	   remaining	  water.	  In	  this	  way	  the	  PVA	  hydrogels	  contain	  87.2	  %	  water	  based	  on	  initial	  weight	  of	  the	  samples,	  showing	  very	  little	  water	  loss	  during	  thawing.	  Before	  mechanical	  testing	  the	  dry	  PCL	  scaffold	  has	  micro,	  (10±5)	   µm,	   and	   macro,	   (180±60)	   µm	   pores	   (Figure	   1a).	  These	   mean	   pores	   size	   were	   obtained	   by	   measuring	   the	  size	   of	   10	   micro	   and	   macro	   pores	   in	   3	   different	   SEM	  photos.	   The	   structure	   is	   similar	   to	   the	   ones	   obtained	   in	  previous	  works.	   (121)	   (Lebourg,	   Suay	  Antón,	   and	  Gómez	  Ribelles	   2010)	   (122)	   (Lebourg	   et	   al.	   2013)	   Without	  fatigue,	   the	  structure	  of	   the	  dry	  and	   immersed	  scaffold	   is	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Figure	   6.6	   Compliance	   (mean	   value	  ±	   standard	   deviation)	   for	   the	   first	  
(black)	  and	  second	  (grey)	  loading	  curve	  for	  the	  studied	  systems:	  (a)	  PVA	  
gel,	  (b)	  dry	  PCL,	  (c)	  immersed	  PCL,	  and	  PCL/PVA	  (d),	  as	  a	  function	  of	  the	  
number	   of	   fatigue	   cycles.	   ANOVA	   statistical	   test	   was	   done,	   and	   when	  
statistical	   difference	   was	   found	   an	   unpaired	   t-­‐test	   was	   performed	   to	  
evaluate	   the	  statistical	  difference	  between	  tested	  groups	  with	  p	  <	  0.05.	  
Black	  asterisk	  is	  marked	  for	  statistical	  significant	  difference	  between	  the	  
































































































The	  evolution	  of	   the	  compression	  curves	   for	  each	  time	  of	  fatigue	  (Figure	  6.5)	  balance	  the	  observations	  from	  the	  SEM	  photos.	  It	  is	  seen	  how	  the	  dry	  and	  immersed	  samples	  show	  smaller	   strains	   after	   fatigue	   indicating	   a	   more	   compact	  material	   (Figure	   6.5b	   and	   6.5c).	   The	   PCL/PVA	   scaffold	  (Figure	   6.5d)	   has	   a	   less	   prominent	   strain	   decrease	  behavior,	  proving	  the	  effect	  of	  the	  PVA	  gel	  inside	  the	  pores	  of	  the	  scaffold.	  The	  strain	  for	  the	  same	  load	  applied	  is	  not	  significantly	  changed	  after	  any	  of	   the	   fatigue	  times	  for	  up	  to	  100,000	  cycles	  proving	  the	  stability	  of	  the	  construct.	  The	  results	  for	  the	  compliance	  give	  hat	  the	  PVA	  gel	  (Figure	  6.6a)	  show	  a	  quite	  high	  compliance	   for	  both	  the	   first	  and	  second	  loading	  curve	  for	  the	  samples	  without	  fatigue	  and	  after	  100	  cycles	  of	  fatigue.	  There	  is	  no	  statistical	  difference	  between	   the	   compliance	   for	   the	   first	   and	   second	   loading	  curves	  neither	  throughout	  the	  cycles	  of	  fatigue,	  except	  for	  the	  first	  loading	  curve	  at	  3000	  cycles,	  indicating	  stable	  gels	  not	   changing	   the	  mechanical	   behavior	   for	   up	   to	   100,000	  cycles	  of	  fatigue.	  	  The	   dry	   PCL	   samples	   show	   no	   significant	   difference	  between	   the	   compliance	   of	   the	   first	   and	   second	   loading	  curves	   or	   for	   increasing	   cycles	   up	   to	   10,000	   cycles	   of	  fatigue	   (Figure	   6.6b).	   The	   results	   have	   high	   standard	  deviation	   due	   to	   the	   porous	   nature	   of	   the	   samples.	   For	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Figure	  6.7.	  Deformation	  at	  maximum	  tension	  for	  the	  studied	  systems:	  PVA	  
gel	  (white),	  dry	  PCL	  (light	  grey),	  water	  immersed	  PCL	  (grey),	  and	  PCL	  /PVA	  
(black),	   as	   a	   function	  of	   the	  number	  of	   fatigue	   cycles.	  ANOVA	   statistical	  
test	   was	   done,	   and	  when	   significant	   statistical	   difference	  was	   found	   an	  
unpaired	   t-­‐test	   was	   performed	   to	   evaluate	   the	   statistical	   difference	  
between	   tested	   groups	   with	   p	   <	   0.05.	   Black	   asterisk	   marc	   statistical	  
significant	   difference	   between	   PCL	   immersion	   groups	   and	   grey	   asterisk	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testing,	   the	   dry	   and	   immersed	   scaffolds	   have	   a	   higher	  plastic	   strain	   energy	   density	   compared	   to	   the	   scaffolds	  filled	   with	   hydrogel.	   The	   PCL/PVA	   construct	   shows	   no	  significant	  difference	   in	   the	  dissipated	  energy	  throughout	  the	   fatigue	   cycles	   compared	   to	   the	   samples	   without	  fatigue.	  The	  dry	  and	  immersed	  PCL	  scaffolds	  dissipate	  less	  energy	  after	  100,000	  cycles	  of	  fatigue	  which	  again	  shows	  a	  dense	  material	  provoked	  by	  pores	  collapse.	  	  
	  
Figure	   6.8.	   The	   dissipated	   energy	   from	   the	   second	   hysteresis	   cycle	   from	  
each	   time	  of	   fatigue	   for	   the	   PVA	  gel	   (white),	   dry	   PCL	   (light	   grey),	  water	  
immersed	   PCL	   (grey)	   and	   PCL/PVA	   construct	   (black).	   ANOVA	   statistical	  
test	   was	   done,	   and	  when	   significant	   statistical	   difference	  was	   found	   an	  
unpaired	   t-­‐test	   was	   performed	   to	   evaluate	   the	   statistical	   difference	  
between	   tested	   groups	   with	   p	   <	   0.05.	   Grey	   asterisk	   marc	   statistical	  
significant	   difference	   between	   PCL	   dry	   samples	   and	   black	   asterisk	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mechanical	   stress	   and	   offer	   an	   adequate	   biomechanical	  environment	   for	   the	   cells	   and	   the	   ECM.	   The	   results	   are	  important	   when	   it	   comes	   to	   design	   and	   fabrication	   of	  porous	  scaffolds	  to	  avoid	  unnecessary	  animal	  trials.	  In	  vivo	  there	  will	  be	  a	  complex	   interaction	  between	   the	  cartilage	  GAGs,	   the	  collagen	   fibers	  and	  the	  water	  molecules.	  Water	  will	   pass	   by	   the	   ECM	   components	   and	   go	   through	   the	  scaffold	  trabecular	  between	  the	  pores	  and	  to	  a	  high	  extent	  contribute	   to	   the	   mechanical	   performance.	   The	   results	  obtained	   in	   this	   study	   show	   that	   the	   scaffold	   is	   able	   to	  initially	   sustain	   the	   load	   applied,	   and	   once	   the	  cartilaginous	   tissue	   grows	   inside	   the	   pores	   the	  physiological	  load	  applied	  does	  not	  change	  its	  mechanical	  performance.	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Figure	   7.1.	   The	   original	   design	   for	   the	   patent	   EP201131625	  	  





Results	  and	  discussion	  
 In	   the	   first	   trial	   a	   PCL	   macro	   and	   micro	   porous	   scaffold	  was	   employed.	   The	   scaffold	   was	   synthesized	   by	   freeze	  extraction	   method	   as	   previously	   described	   in	   the	   thesis.	  Scaffolds	   were	   cut	   with	   circular	   stamps	   and	   surgical	  scalpels	  to	  cylinders	  of	  4	  mm	  diameter	  and	  1	  mm	  height.	  	  For	   the	   second	   trial	   the	   PCL	   scaffold	   was	   fixed	   to	   the	  subchondral	  bone	  using	  a	  combination	  of	  the	  PCL	  scaffold	  and	  a	  biocompatible	  pin	  as	  shown	  in	  Figure	  7.2.	  Due	  to	  the	  difference	   in	   cartilage	   thickness	   of	   humans	   and	   animals,	  the	  anchoring	  ring	  did	  not	  fit	  into	  the	  porous	  scaffold	  and	  had	  to	  be	  placed	  underneath	  the	  scaffold.	  	  
	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure	   7.2.	   The	   left	   picture	   show	   the	   original	   implant	   device,	   and	   the	  
right	  picture	  show	  the	  modified	  implant	  for	  the	  animal	  studies.	  It	  can	  be	  
observed	   that	   the	  porous	   sponge	  not	   contain	   the	  polymeric	  membrane	  
anymore,	   and	   that	   the	   fixation	   device	   is	   attached	   at	   the	   underlying	  
bottom	  of	  the	  implant.	  



















Figure	  7.2.	  The	  implant	  device	  for	  the	  second	  animal	  trials.	  The	  chondral	  
part	  consists	  of	  a	  porous	  PCL	  scaffold	  and	  is	  attached	  to	  a	  PLLA	  arrow,	  
as	  anchoring	  system	  to	  the	  subchondral	  bone.	  In	  total,	  an	  amount	  of	  21+6	  (	  Trial	  1	  and	  2)	  mature	  female	  sheep,	   breed	   Merina	   and	   official	   brand	   270BK	   (Supplier	  Agricola	   Ramadera	   Les	   Anglades	   Vilert,	   Girona,	   Spain),	  were	   employed.	   The	   sheep	   weighed	   about	   40	   kg.	   The	  surgical	   interventions	   was	   carried	   out	   by	   by	   Dr.	   Santos	  Martinez	   Diaz	   at	   the	   Hospital	   Clínic	   Veterinari	   at	   the	  Universitat	   Autònoma	   de	   Barcelona.	   The	   animal	   care	  before,	   under	   and	   after	   the	   operations	  was	   taken	   care	   of	  Dr.	   Felix	   García	   and	   his	   staff	   at	   the	   departament	   de	  Medicina	   i	   Cirurgia	   Animals.	   The	   trials	   were	   realized	   in	  accordance	   to	  protocol	  CEEA	  1940	  17-­‐02-­‐2013	  approved	  by	  the	  Ethic	  Committee	  for	  animal	  trials	  at	  the	  Universitat	  Autònoma	   de	   Barcelona.	   The	   protocol	   follows	   the	  












prepared	   following	   standard	   procedures,	   first	   the	   right	  knee	   was	   shaved	   and	   the	   surgical	   site	   was	   disinfected	  using	   iodine	   solution	   and	   animal	   non-­‐sterile	   zone	   was	  covered	   with	   sterile	   towels.	   A	   40	   mm	   incision	   was	  performed	  in	  the	  medial	  knee	  in	  distal	  position	  to	  patella.	  An	  internal	  distal	  arthrotomy	  was	  performed	  in	  the	  lower	  part	  of	  the	  patella	  in	  the	  medial	  height	  of	  patellar	  tendon,	  separating	   sidelong	   the	  patellar	   ligament	   and	   the	  patella,	  without	  dislocating,	  and	  separating	  the	  internal	  structures	  of	   the	   joint	   capsule	   allowing	   access	   to	   the	   load	   bearing	  zone	  of	  the	  internal	  condyle	  of	  femur.	  	  Then,	   2	   chondral	   lesions	   of	   4	   mm	   diameter	   and	  approximately	  1	  mm	  height	  in	  weight	  bearing	  zone	  of	  the	  internal	   femoral	   condyle	   was	   performed,	   with	   4-­‐5	  microfractures	   until	   bleeding	   from	   subchondral	   bone.	   To	  perform	  the	  microfractures,	  an	  Arthrex	  awl	  used	  in	  human	  microfracture	   surgery	   was	   employed.	   The	   defect	   was	  washed	  with	   physiologic	   serum.	   In	   the	   group	   one,	   a	   PCL	  scaffold	  was	  implanted	  by	  press-­‐fit	  technique	  (Figure	  7.3).	  The	   control	   group	   was	   left	   with	   microfracture	   without	  scaffold	   implantation.	   In	   trial	   two,	   the	  six	  animals	  had	  an	  additional	   orifice	   made	   in	   the	   center	   of	   the	   chondral	  defect.	   The	   scaffolds	   were	   placed	   in	   the	   chondral	   defect	  with	  sterile	  tweezers	  and	  press-­‐fit	  technique	  (Figure	  7.4).	  













a)	   	   	   	   	   b)	   	  
 
Figure	  7.3.	  The	  surgery	  for	  trial	  1.	  A)	  Two	  lesions	  of	  4mm	  diameter	  were	  
created	   in	   the	   medial	   condyle	   of	   femur	   and	   a	   microfracture	   was	  
performed	   in	   the	   defects.	   B)	   In	   each	   of	   the	   lesions	   a	   PCL	   scaffold	  was	  
placed	  with	  press-­‐fit	  technique.	  
a) b)	  
	  
Figure	  7.4.	   The	   surgery	   for	   trial	   2.	   Two	   lesions	   of	   4mm	  diameter	  were	  
created	   in	   the	   medial	   condyle	   of	   femur	   and	   microfracture	   was	  
performed	   in	   the	   defects.	   In	   each	   of	   the	   lesions	   the	   PCL	   scaffold	   with	  
PLLA	  screw	  was	  placed	  with	  press-­‐fit	  technique.	  	  	  







The	   internal	   femoral	   condyle	   of	   the	   left	   knee	   was	   also	  obtained,	   to	   use	   as	   control.	   The	   samples	   used	   for	  biomechanical	   testing	   were	   sent	   in	   sterile	   PBS	   buffer	  medium	   with	   penicillin/streptomycin	   1ml/100	   ml	   PBS	  with	  0.5%	  azide.	  The	   temperature	  was	  controlled	   to	  4	   °C	  from	   explant	   before	   mechanical	   testing.	   After	   the	  mechanical	   testing,	   the	   samples	   were	   fixed	   in	   formalin	  solution	   10%	   neutral	   buffer	   for	   48	   hours.	   Then	   the	  samples	  were	  washed	  and	  saved	  in	  PBS+azide.	  	  	  For	   the	  biomechanical	   tests,	   the	  hole	   cartilage	  piece	  with	  the	   subchondral	  bone	  was	   subjected	   to	   indentation	   tests,	  previously	  described.	  The	  results	  can	  be	  seen	  in	  figure	  7.8.	  The	   elastic	   modulus	   of	   the	   joints	   with	   scaffold	  implantation	   are	   inferior	   to	   controls	   in	   most	   cases,	  supported	  by	  the	  histology	  analysis.	  	  





5	   Microfracture+scaffold	   Histology	   4.5	  	  6	   Microfracture+scaffold	   Histology	   4.5	  	  7	   Microfracture	   Histology	   4.5	  	  8	   Microfracture+scaffold	   Biomechanical	  	   4.5	  	  9	   Microfracture+scaffold	   Biomechanical	   4.5	  	  10	   Microfracture+scaffold	   Biomechanical	   4.5	  	  11	   Microfracture+scaffold	   Histology	   9	  	  12	   Microfracture+scaffold	   Histology	   9	  	  13	   Microfracture+scaffold	   Biomechanical	   9	  	  14	   Microfracture+scaffold	   Histology	   9	  	  15	   Microfracture+scaffold	   Histology	   9	  	  16	   Microfracture	   Histology	   9	  	  17	   Microfracture	   Histology	   9	  	  18	   Microfracture+scaffold	   Biomechanical	   9	  	  19	   Microfracture	   Histology	   9	  	  20	   Microfracture+scaffold	   Biomechanical	   9	  	  
	  
Table	   7.1.	   References	   for	   each	   sample	   from	   trial	   one.	   For	   each	   sample	  
the	  internal	  femoral	  condyle	  of	  left	  knee	  was	  used	  as	  control. 
	  







Sample	   Surgery	   Examination	   Time(Months)	  1	   Microfracture+device	   Histology	   4.5	  2	   Microfracture+Device	   Histology	   4.5	  3	   Microfracture+Device	   Histology	   4.5	  4	   Microfracture+Device	   Histology	   4.5	  5	   Microfracture+Device	   Histology	   4.5	  6	   Microfracture+Device	   Histology	   4.5	  
	  
Table	   7.2.	   References	   for	   each	   sample	   from	   trial	   2.	   All	   6	   animals	   had	  





separately	   embedded	   in	   paraffin,	   following	   standard	  histological	   proceduces.	   Five-­‐μm	   thick	   sections	   were	  obtained	   and	   stained	   with	   hematoxylin-­‐eosin	   and	  Masson’s	  trichrome.	  Stained	  sections	  were	  analyzed	  under	  Leica	  optical	  microscope	   (Leica	  DM	  4000B),	   and	  pictures	  were	   taken	   using	   a	   Leica	   DFC	   420	   camera.	   The	   samples	  obtained	   in	  the	  second	  trial	   followed	  the	  same	  procedure	  except	   they	   were	   embedded	   in	   low-­‐melting	   embedding	  wax	  instead	  to	  standard	  paraffin,	  in	  order	  to	  preserve	  the	  implanted	  scaffold.	  Macroscopic	   study	   of	   the	   articular	   surface	   at	   the	   injury	  zones	   shows	   the	   appearance	   of	   neotissue	   covering	  partially	   or	   completely	   the	   injury	   zone,	   although	   the	  surface	   had	   a	   rougher	   appearance	   than	   controls	   (Images	  not	   presented).	   No	   differences	   were	   found	   in	   the	  macroscopic	   study	   in	   the	   different	   trials.	  However,	  when	  samples	   were	   sectioned	   into	   halves,	   big	   cystic	   cativities	  were	  observed	  in	  many	  samples	  of	  the	  first	  trial,	  similarly	  to	   those	   observed	   in	   other	   studies	   using	   large	  mammals.	  The	  presence	  of	  cystic	  cavities	  in	  the	  second	  trial	  was	  less	  frequent,	   the	   cavities	   were	   smaller	   and	   located	   at	   the	  lower	  end	  of	  the	  anchoring	  pin.	  Microscopic	   study	   revealed	   (Figure	   7.6-­‐7.9)	   that	   all	  samples	   presented	   an	   active	   process	   of	   neotissue	  












first	   trial	   group,	   the	   neotissue	   found	   on	   the	   articular	  surface	   was	   mainly	   immature	   hyaline-­‐like	   cartilage	  (Figure	   7.9a),	   and	   areas	   of	   preserved	   scaffold	   could	   be	  observed	  (Figure	  7.9b	  ).	  In	  the	  subchondral	  bone,	  the	  area	  occupied	   by	   the	   anchoring	   pin	   appeared	   as	   an	   empty	  rectangular	  cavity,	  since	  the	  PLLA	  pin	  was	  not	  preserved,	  and	  was	   surrounded	  mainly	   by	   fibrous	   connective	   tissue	  containing	   big	   multinucleated	   cells	   with	   a	   phagocityc	  aspect	   (Figure	  7.9c).	   	   Some	  areas	  also	   contained	   loose	  or	  mesenchyme	   connective	   tissue	   around	   the	   pin	   cavity.	   In	  this	   group,	   none	   or	   small	   cystic	   cavities	   were	   observed	  (16%	  of	  the	  samples),	  that	  were	  around	  the	  deeper	  end	  of	  the	   anchoring	   pin.	   It	   can	   be	   seen	   that	   the	   improved	  scaffold	  with	   	   fixation	  system	  to	  subchondral	  bone	  shows	  better	   tissue	   integration.	   The	   articular	   surface	   shows	   an	  active	   reparative	   process,	   whereas	   subchondral	   bone	  shows	   less	   alterations	   with	   reduced	   cyst	   formation.	   It	  seems	  like	  that	  the	  presence	  of	  the	  PLLA	  pin	  enhance	  the	  biointegration,	   and	   prevents	   cyst	   formation.	   The	  macroscopic	   study	   show	   that	   most	   of	   the	   defects,	   75%,	  exhibited	   the	   articular	   surface	   completely	   or	   almost	  completely	   with	   a	   repair	   neotissue.	   The	   macroscopic	  aspect	   was	   similar	   to	   normal	   cartilage,	   although	   the	  appearance	   was	   rougher	   than	   controls.	   Regarding	   the	  fixation	   system,	   the	   union	   between	   the	   PCL	   scaffold	   and	  












Figure	   7.5.	   The	   contralateral	   knee	   after	   4.5	   months	   implantation,	  






Figure	  7.6.	  Panoramic	  view	  of	  a	  sample	  after	  4.5	  month	  implantation	  of	  
PCL	   scaffold	   and	   microfracture	   surgery.	   The	   two	   defects	   are	   seen	  
partially	   filled	   with	   a	   neotissue	   and	   the	   subchondral	   bone	   is	   showing	  
alterations	  with	  cysts	  formation.	  Scale	  bar	  1mm.	  
 
Figure	   7.7.	   Microscopic	   images	   of	   the	   sample	   shown	   in	   Figure	   7.6.	   A)	  
limit	  between	  native	  cartilage	  and	  neotissue	  b)	  neocartilage	  growth	  at	  












Figure	  7.8	  Panoramic	  view	  of	  a	  sample	  after	  4.5	  months	  implantation	  of	  
PCL	   scaffold	   with	   subchondral	   bone	   anchoring	   after	   microfracture	  
surgery.	   The	   defect	   has	   been	   filled	   with	   a	   neotissue,	   and	   subchondral	  
bone	  lacks	  alterations.	  Scale	  bar	  1mm.	  
 
Figure	   7.9	   Microscopic	   images	   of	   the	   sample	   shown	   in	   Figure	   7.8.	   A)	  
Regenerated	  neotissue	  is	  immature	  cartilaginous	  tissue	  b)	  PCL	  scaffold,	  
degraded	   or	   broked	   into	   smaller	   pieces,	   surrounded	   by	   regenerated	  
neotissue	  c)	  Remains	  of	  PLLA	  pin	  degraded	  by	  multinucleated	  phagocitic	  








Figure	   7.8	   The	   results	   from	   the	   indentation	   tests	   of	   the	   cartilage	   and	  
bone	   piece	   after	   sacrifice	   in	   the	   first	   trials	   with	   implantation	   of	   PCL	  
scaffold	  after	  microfracture	  surgery.	  The	  red	  points	  show	  the	  specimens	  
with	   PCL	   scaffold	   implantation	   and	   the	   blue	   points	   the	   contralateral	  
healthy	   knee.	   The	   results	   show	   that	   the	   repair	   tissue	   has	   inferior	  
mechanical	  modulus	  than	  controls.	  
Conclusions	  




































































































































modulus	   is	  similar	   for	  empty	  or	  water	   filled	  scaffolds.	  On	  the	   other	   hand,	   by	   the	   experimental	   model	   other	  interesting	   features	   are	   observed.	   When	   the	  scaffold/hydrogel	  construct	  is	  subjected	  to	  low	  number	  of	  f/t	   cycles,	   the	   elastic	  modulus	   decrease.	   This	  means	   that	  the	   soft	  hydrogel	   facilitates	   the	  water	  expulsion	   from	   the	  scaffold,	  and	  lower	  the	  modulus	  to	  values	  below	  the	  water	  immersed	   scaffolds.	   Not	   until	   the	   hydrogel	   is	   readily	  crosslinked,	   the	   modulus	   increase.	   The	   modulus	   then	  increase	   to	   values,	   for	   the	   double	   pore	   architecture	  scaffold,	  higher	  than	  the	  water	  immersed	  scaffold,	  but	  for	  the	   solely	   macro-­‐porous	   scaffold	   to	   values	   in	   the	   same	  order	   as	   the	   water	   immersed	   scaffolds.	   Once	   again	   the	  micro-­‐porosity	  was	  shown	  to	  play	  an	  important	  role	  in	  the	  mechanical	   behavior	   of	   the	   scaffolds.	   Then,	   the	   PCL/PVA	  scaffold	   was	   tested	   in	   long-­‐term	   mechanical	   behavior	  experiments,	   showing	   the	   stability	   of	   the	   construct.	   The	  experimental	  model	  with	  PVA	  hydrogel	  as	  cartilage	  model	  is	   considered	  a	   good	  artificial	  model,	   allowing	   simulating	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